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Evaluated Theoretical Cross-Section Data f'or Charge Exchange of Multiply 
Charged Ions with Atoms. III. NOflhydrogenic Target Atoms 

R. K. Janevs ) and J. W. Gallagher 

Joillt Illstitute for LaboratolY Astrophysics, Ulliversity of Colorado and Natiollal Bureau of Standards, Boulde,~ Colorado 80309 

The theoretical cross-section data for single-electron capture in collisions of multiply 
charged ions with nonhydrogenic atoms are compiled and their accuracy is assessed. The 
energy per unit mass range considered is from -- 1 e V /u to several Me V /u, u being the 
unified atomic mass unit. Accuracy is assessed using both pure theoretical arguments and 
comparison with experimental data, where available. A similar assessment is performed 
for the two-electron capture cross-section data in ion-atom collisions, as well as for single
and double-charge exchange in ion-ion collisions. ' 

Key words: charge exchange; cross sections; electron capture; ion-atom collisions; ion-ion colli-
sions; multiply charged ions. . 
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1. introduction 
In the previous two papers of this series, 1,2 we have pre

sented evaluated theoretical cross-section data for the 
charge exchange process in collisions of hydrogen atoms 
with fullyl and partially2 stripped ions.' In this paper, we 
continue our analysis of the existing theoretical charge ex
change cross-section data to the case when t4e target is a 
nonhydrogenic atom, 

A + Bq+ ~A + + B(q-l)+, A#H, q>2: (1) 

and Bq+ may be any ion in a charge state with 2<q<.Z, 
where Z is the nuclear charge ofB. The energies in this paper' 
are given in the form of the laboratory energy of the projec
tile ion (E ) in e V (or ke V, or Me V) divided by its mass (M) 
expressed in unified mass units (u). The energy per unit mass 
region included in o~r analysis extends from a few e V lu to 
several Me V lu. The overwhelming majority ~f cross-section 
calculations have been performed in I this energy region. 
However, to be complete, when presenting the cross-section 
data sources, we go beyond these limits. For the same reason, 
in our present analysis we include also the existing theoreti
cal cross-section data for the two-electron capture in ion
atom collisions. 

A + Bq+ ~A2+ + B(q-2)+, q>2, (2)' 

as well as the data for single- and double-charge transfer ih 
the ion-ion collisions. " ' 

Aq,+ + Bq2+ ~A(ql+ll+ + B(q2- 1)+, 

Q2>Ql' Q2>2, i = 1,2. (3) 

Compared with, the hydrogen atom target case, the 
evaluation of theoretiCal charge exchange cross sections for 
multielectron target atoms is a considerably more difficult 
task. The difficulties, which are inherent in the cross-section 
calculations themselves, arise from two sources: complexity 
of the electronic structure of colliding system, and complex
ity of the collision dynamics. Accurate representation of the 
electronic states of a multi electron collision system is an ex
tremely difficult problem in itself. Forditferent regions of 
the collision energy, different representations of these states 
are appropriate (adiabatic, diabatic, atomic-state representa
tions), and in their practical realization drastic approxima
tions are often involved (e.g., inclusion of only the valence
shell electrons' in the low-energy regime, or the inner-shell 
electrons at very high energies, or use of independent-parti
cle models, etc.). The accuracy with which the electronic 
states are described is directly transferred into the accuracy 
of the cross-section calculations. Exclusion of the correla
tion effects may also have a significant influence on the accu
racy of calculated' cross sections, both at low and at high 
energies. 

The multielectron character of a target atom introduces 
even more difficulties in the description of the collision dy
namics. In a many-electron collision system, many new reac
tion channels not present in the one-electron systems be
come available, not only because of a greater multitude of 
inter~cting states, but also due to a diversity of multistep and 
multIelectron correlated transition processes (such as simul
taneous capture and excitation or ionization). When the pro-
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jectile ion charge is high, the coupling of all these reaction 
channels may be strong at both low and high collision ener
gies. Theoretical methods for treating multistep and elec
tron-correlated processes are not well developed,3 and for 
the processes involving simultaneous transitions of more 
than two electrons, they are nonexistent. Therefore, a full 
description of the charge exchange process in collisions of 
complex atoms with multi charged ions is a formidable prob
lem, even in a restricted region of the collision energy. Prac
tical cross-section calculations are usually based on signifi
cant approximations of collision dynamics or on suitable 
models, which can be justified only for particular collision 
syste~s and energy regions. 

From the above discussion of the structural and dyna
mical complexity of multi electron collision systems, it fol
lows that a proper evaluation of the existing calculated 
charge exchange cross sectiuns [ur the' n::a«.:tjulls (1)-(3) is 

extremely difficult to perform. In one-electron systems 
(treated in Ref. 1), the electronic states are exactly known 
and highly accurate calculations are available (at least for a 
number of systems) against which the accuracy of different 
methods can 'be checked; however, in the present case, none 
of these circumstances exists. In only a few instances involv
ing helium atom targets, such a comparative rnelhuu, sup
plemented by comparison with experimental data, can be 
accomplished. In all other cases, the assessment ofthe accu
racy of theoretical cross-section data can be based only on 
the intrinsic strength and limitations of the method applied, 
the analysis of the approximations made in the electronic 
structure description and in the treatment of the collision 
dynamics (e.g., the possible influence of neglected reaction 
channels), and comparison with experimental data where· 
they exist. The experimental data and the most accurate cal
culations for the He-fully stripped ion reaction system can be 
used to determine the relative accuracies of different meth
ods, which then may be extended to other collision systems. 
Such an approach does not represent a "critical evaluation" 
of the data for most of the reactions considered. However, it 
does provide a clue to estimate the expected accuracies in a 
plausible way. 

In the next section, we give a brief presentation of the 
theoretical methods so far employed in the cross-section cal
culations of reactions (1 )-(3), emphasizing the new aspects 
mentioned above. A review of the cross-section data calcula
tions is given in Sec. 3. The criteria for asseSSing the expected 
accuracy of the existing cross-section data is discussed in 
more detail in Sec. 4. Finally, in Sec. 5, we present cross
section rlata with their assesserl accuracy, ::mrl give rletails of 
how the accuracy assessments were performed for particular 
reactions or classes of them. 

2. Theoretical Methods 
2.1. One-Electron Capture 

The theoretical methods for calculation of one-electron 
capture cross section in atom-multicharged ion collisions 
were described in Refs. 1 and 2. Those in which the symme
try properties of the one-electron diatomic system are expli
citly used [such as the multichannel Landau-Zener model 
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(M-LZ-RC) or the analytic classical model (CI-M-An)] are 
not applicable to the many-electron target (or projectile) 
case, since in the latter the symmetry is reduced. Other ma
jor differences between one-electron and many-electron tar
gets, from the point of view of the theoretical methods dis
cussed in Ref. 1, are the following: 

(i) The low-e:::m:rgy molecular-orbital expansion close
coupling methods (CC-MO), as well as, the medium-energy 
atomic-orbital expansion close-coupling methods (CC-AO), 
require a larger basis set to incorporate the larger number of 
coupling interactions present in the many-electron collision 
systems. In CC-MO methods, the determination of the elec
tronic basis set, as well as the potential and dynamic cou
pling interactions is a prerequisite, which by itself may be a 
formidably complex problem. 

(ii) At higher collision energies, the single- and two-elec
tron capture' processes may take place from the inner-elec
tronic shells of the target atom, and may be accompanied by 
other electron transition processes (such as Auge,r excita
tion, ionization, etc.). Because of the complexity introduced 
in the treatment by (i) and (ti), the most-studied charge ex
change reactions have been those involving a relatively small 
number of electrons in the colliding system and, in particu
lar, reactions with He as a target atom. 

As in Ref. 1, it is convenient to discuss the theoretical 
methods separately in three different regions of collision ve
locity: v<v~, V ....... Ve ' and v»ve , where ve is the char~cteristic 
(classical) velocity of the bound electron participating in the 
capture process. For the outer-shell electrons 
u -- Vo = 2.19 X 108 cm/s, while for the imier-shell electrons 
v .. --Z In, where Z is the nuclear charge of the target atom 
and n ( -- 1) is the principal quantum number of the shell. For 
the heavy atoms, Z is large and the region v 5. Ve may actual
ly involve very high collision energies. 

a. Low-Velocity Region (v $ ve ) 

The::: the:::un::tic.;al methods most frequently used for 
charge exchange cross-section calculations in this region are 
the CC-MO method, with or without inclusion of electron 
translation factors (ETF) in the basis functions [in the latter 
case CC-MO is called perturbed stationary state method 
(PSS)], the asymptotic method (AM) with model solutions of 
the two-state strong coupling problem [such as the Landau
Zener (LZ) model] and different versions of the decay model 
[the electron tunnelIng model, referred to as DM below, and 
the absorbing sphere model (ASM)]. The main features of 
these methods have been discussed in Ref. 1. Here we add 
that due to the larger number of reaction channels available 
for charge exchange when the target is a many-electron 
atom, the appropriateness of decay models for describing the 
process is considerably increased. Therefore, the accuracy of 
the results provided by these models is expected to be higher 
than in the one-electron target case. Another point which 
should be emphasized with the application of decay models 
in the case of a multielectron target atom is that their 
straightforward use gives the total cross section O"tot for cap
ture of one, two, three, etc., electrons from the target. Special 
procedures must be employed in order to separate the cross 

sections P"1'0"2'0"3"" (for one, two, three, etc., electron cap
tures) 'from O"tot.

3 Only when 0"2,0'3"" are small, the calculat
ed 0' DM or 0' ASM cross sections can be expected to be close to 
0'1' this is true, for example, for alkalis, when the first and 
the second ionization potentials are significantly different. 
(The opposite is true for inert gas atoms.) All O'DM' except for 
lIe + Ar6 + case,3.4 are the same as O"tot (see Table 1). 

Most ofthe CC-MO calculations of single-electron cap
ture cross sections in reaction (1) have used the PSS method. 
PSS cross-section calculations with an accuracy better than 
50% have been done for He + He2+ (16 coupled states),5 
He+ Be3 + (four states),6 He + B3+ (four states)/ and 
He + C4+ (five states).6 Coupled-channel calculations with 
only two molecular states have also been performed, both 
numerically and with the Landau-Zener and Rapp-Francis 
(RF) !llodels.9

,10 The accuracy of the CC-MO results is di
rectly related to the size of the MO basis. the accuracy in 
solving the electronic structure part of the problem, and at 
higher energies, the adequacy of the ETFs in representing 
the electron momentum transfer effects (see Refs. 1 and 2). 

For high values of the ionic charge q, the classical con
siderations of the electron capture process (1) and most of the 

, experimental data suggest the following scaling rule for the 
cross section O'cx at low energies11 

<7" (4.5 ± J)X 10-
16 Nq eI: r em2

, 

E(keV lu)S 15 q (::), (4) 

where N is the number of valence electrons in the atom A, 
and 10 , I H ( 13.6 eV) are the ionization potentials of A and 
the hydrogen atom, respectively. While the approximate lin
ear dependence of G' ex on q is well established {see, e.g., Ref. 
12), the dependence of O'ex on 10 is still controversial. 

The theoretical predictions and experimental observa
tions of 0' ex ,....,1 0- a are dispersed between a = 1 and a = 2.12 

In most instances, Eq. (4) represents the data (if q ~ 10) with
in an accuracy of ± 50%. The decay models predict a weak 
(logarithmic) dependence of G'ex on E,3 whereas for smaller 
values of q, O"cx decreases with decreasing E due to the pro
nounced selectivity of the electron capture process. 

b.lntermedlate-Velocity Region (v-ve) 

The following methods have been applied for charge 
exchange cross-section calculations in the relative velocity 
region v::::: (1-5) Ve: the atomic-orbital close-coupling meth
od, with or without inclusion of pseudostates, the unitarized 
distorted wave approximation (UDW A). the classical trajec
tory Monte Carlo (CTMC) method, and the Vainshtein
Presnyakov-Sobel'man method with semiempirical norma
lization (VPS-Emp). Since in this energy region capture from 
the inner shells stans to be important, the application of the 
CC-AO method requires predetermination of adequate 
atomic orbitals. The single-electron atomic orbitals can be 
generated by the Hartree-Fock method or by using some 
other procedure to account for the electron screening effects 
(the semiempirical Slater rules, the Herman-Skillman 
screening method,13 the variable screening model,14 etc.). 
With increasing the energy, higher excited states and the 
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ionization channel become increasingly important and must 
be represented in the basis set by adequately chosen pseudos
tates. 1 For the lower energies, where molecular effects are 
expected to playa role, pseudostates describing these effects 
may also be introduced in the expansion basis. Plane-wave 
ETF are usually considered as adequate for the region v > Ve • 

The most extensive CC-AO calculations have been 
done for Ne + He2 + , and Li3 + with inclusion of 48 Hartree
Fock AOs in the basis,15 for the Ti + He2+, Cu + He2 + , 
C6 +. and 0 8+ systems 16 with a basis of 28 AO + pseudo
states, and for the Ar + (;4+, C6 + systems17 tAO 4- psuedo
states), for electron capture from the inner K arid L shells. 
Also in this category are the CC-AO calculations for 
Li + He~+ system,!!! with a 4O-bli:lLt; basis, including united 
atom pseudostates. In some cases, however, when the energy 
resonance condition is fulfilled, a two-state CC-AO scheme 
provides reasonably accurate cross-section results for the K-
K electron capture. 19 ' 

The application of the UDW Aland CTMC metho<;ls to 
many-electron targets requires the introduction of an effec
tive charge, Zeff' for the ionic core of the atom; the uncer
tainty in the determination of Zeff is directly reflected in the 
accuracy of the computed cross sections. The VPS method, 
which is essentially a. two-state model for the charge ex
change process, implies independent treatment of each tar
get electronic shell and each final product state. An empiri
cal factor of 1/3 is usually introduced' in this method 
(VPS-Emp) to simulatc thc sccond-order effects. A theoreti 
cal justification for this factor (within the second Born ap
proximation) can, however, b~ found only for the ls.J.....).ls 
transitions. Therefore, the accuracy of this method is rather 
uncertain. 

Due to the complexity ·of charge exchange dynamics in 
the intelmediate velocity region (strong coupling of a large 
number of atomic discrete and continuum states), it is diffi
cult to extract any information concerning the scaling rela
tionships for the cross section q ex' In this region q ex ,... q {3 , 

where /3 may have values between 1 and 3 and depends both 
on the re1ative velocity and the initial state electron binding 
energy (10). The dependence of q ex on lois also unknown; 

c. Hlgh~Veloclty Region (v>v.) 

Many theoretical methods have been applied to the cal
culation of the cross section of reaction (1) in the high-veloc
ity region. These include extension of the VPS-Emp method; 
the Brinkman-Kramers (BK) approximation t both in its 
conventional form and applying ad hoc normalization pro
cedures either to the cross section (BK_Emp)20 or to the tran
sition probability (N_BK)21; the eikonal extension of the BK 
approximation (BK-Eik); the first Born (Bl) approximation; 
the orthogonalized Bates-Born approximation (B-B 1); and 
the continuum distorted wave (CDW) method. FOT suffi
ciently high collision velocities (v ~ 10), the CDW approxi
mation, in which the second-order scattering effects are ac
counted for, can provide cross sections with an accuracy of 
± 30%, provided the initial and final bound states of the 

electron are adequately described (i.e., the electron cor
relation effects are adequately included in the target and 
product-ion wave functions). Due to the sensitivity of CDW 
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method to the quality of the initial-state wave function, it has 
" I' 1 h H H 2+ t 21-23 Th been apphed so (ar on y to tee + e sys em. e 

results of the other high-velocity methods for charge ex
change are also sensitive to the accuracy of the target elec
tron wave function. 

2.2. Electron Capture in lon-Ion Collisions 

The theoretical methods for treating the electron cap;
ture prooess in ion-ion oollisions are the same as those for 
ion-atom collisions. The only difference is that in the former 
one has to incorporate the effects of the Coulomb repulsion 
explicitly in the treatment. Within the semiclassical approxi
mationt these effects are accounted for by using Coulomb 
trajectories for the motion of the heavy particles. The Cou
lomb repulsion effects influence the total capture cross sec
tion only in the energy region E S Eo = q J q2' where q 1 and q2 
are the charges of the colliding ions. The effect is an exponen
tial decrease of the cross section for E < Eo. For nonresonant 
electron capture reactions, this region lies in the domain of 
energies where the cross section already has an exponential 
decrease (with decreasing energy) due to the adiabatic char
acter of the' process. The Coulomb repulsion effects only en
hance this decrease in the cross section. In resonant reac" 
tions, however, these effects are the only reason for the 
decrease of the cross section at low energies (E < Eo). 

The number of theoretically studied charge exchange 
reactions for ion-ion collisions (listed in Table 2) is relatively 
small compared to that for ion-atom collisions. The follow
ing methods have been applied in the cross-section calcula
tions: the two-state close-coupling models of the LandaQ
Zener, or Rosen-Zener-Demkov (RZD) type, and the 
asymptotic method for the resonant electron capture (AM
Res), the CTMC method, the Coulomb-projected Born 
(CPB) approximation, and the CDW method, each in the 
region of its validity. With the exception of CDW, all the 
above-mentioned methods provide results with a factor of 2 
accuracy (or even worse), except when the colliding system 
possesses only one electron. Also in Table 2 are some reac
tions of two-electron capture in ion-ion collisions for which 
cross-section calculations have been made. The discussion in 
Sec. 2.1 regarding the influence or electroniC structure on the 
accuracy of cross-section calculations also holds for ion-ion 
collisions. 

For the resonant and quasiresonant electron capture 
reactions, the main dependences of the cross section on the 
projectile charge q2 are24-26 

(Sa) 

(Sb) 

where n> 1 and 8 is a constant ( """ 2). For the resonant dou
ble-electron capture r 1. 7,25 

Cross-section calculations with an accuracy of better 
than + 50% have been done for the Ba -t + Ba -t low-energy 
charg;-exchange using the CC-MO method28 and for the 
He+, LF+, Be3+ + He2 + high-energy collisions using the 
CDW method,24 
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2.3. Two-Electron Capture Reactions 

The two-electron and one-electron capture processes 
differ in that the former takes place between two-electron 
initial and final electronic configurations in the. system. 
Since during the transitions, the ,two electrons are strongly 
correlated, the corresponding initial and final state wave 
functions must be appropriately determined. This aspect 
constitutes the main difficulty in treating the double-charge 
transfer process, and the degree of sophistication with which 
this problem is resulvt:u i:s uin;(;tly reflected in the accuracy 

of final results. Correlation effects between the transferring 
electrons may be neglected (independent electron model) 
only at very high collision energies. 

Theoretical cross-section data for two-electron capture 
in atom-multicharged Ion collisions are rather scarce, and 
most oftherp. have been performed for a helium atom target 
(see Table 3). Almost all of the methods di:s(;ussed in Sec. 2.1 

have been applied to the double charge transfer process. Ac
curate cross-section data for the He + He2 + system have 
been provided in the low-energy region by the PSS method 
with a 16 MO basis set,5 and in the intermediate energy re
gion by the CC-AO method employing a basis of nine 
states.29 We note, however, that the existing experimental 
data for this system are rallu:I incohclcnt, particularly in the 

low-energy region. Capture oftwoK-shell electrons from Ne 
and Ar by highly charged ions has also been stud~ed by the 
CC-AO and CDW methods (see Table 3). Another exten
sively studied system is He + C'+, for which cross sections 
have been produced both by the PSS method6

; and the 
asymptotic method.30 More details about the theoretical 
methods for treating two-electron capture processes can bc 
found in Ref.. 3 .. 

3. Review of Data Sources 
The theoretical cross-section calculations for the single 

and double charge exchange processes in ion-atom and ion
ion collisions are reviewed in Tables 1-3. Only cross sections 

calculated after 1970 are included in these tables. The data 
produced prior to this period are either superseded by more 
recent calculations or (for the few which are not) can be 
found in the standard textbooks on atomic collisions. For 
each ion-atom or ion-ion collision pair, the following infor
mation is displayed in Tables 1-3: the reference of the data 
source~ the energy range in which the calculations were car
ried out, the applied method, some comment on the calcula
tions, and the assessed accuracy of the data.The criteria of 
this assessment are discussed in the next section. 

4. Assessment Criteria and Procedure 
We have adopted the same criteria for evaluating the 

accuracy of the computed cross sections as in our previous 
papers, Refs. 1 and 2. These are 

(1) degree of sophistication of the calculations [Le., size 
of the basis, inclusion and character ofETFs (when applica
ble), etc.]; 

(2) degree of the intrinsic accuracy of the applied meth
od (Le., number of channels included, convergence, appro
priateness of basic assumptions, etc.); 

(~) ,degree of agreement with the most reliable experi
mental data .. 

For a multielectron target, in addition to the above cri
teri~ one should also add 

(4) the accura~y of representing electronic states and 
inter-electron correlations (the latter particularly for the 
two-electron capture reactions), and in the case of ion-ion 
charge exchange reactions also: 

(5) the account of the Coulomb trajectory effects in the 
calc:lliations_ 

As in Refs. 1 and 2, we adopt the following rating 
scheme for the accuracies of the computational methods and 
cross-section results: 

Category 

(a) 
(b) 

(c) 
(d) 

Accuracy 

Better than ± 20% 
±20%-±50% 

± 50%-± 100% 
Worse than 100% 

By applying criteria (1)-(3) to the methods used for 
. cross-section calculations in one-electron systems, one ar-

, rives at the accuracy which each of the methods can provide 
in the velocity region of its validity; these are presented in 
Table 4 (taken from Ref. 1 and somewhat extended). The 
assessment procedure includes a comparative analysis of the 
results of different methods for systems for which both ex
perimental and theoretical results exist with an accuracy of 
better than 20%. In Ref. 1, it was concluded that in the 
energy region below 25 keY lu, the PSS (or CC-MO) method 
can provide an accuracy ofthe category (a) if the mol~cular
orbital basis contains about (3-4)q states (q being the ionic 
charge) with appropriate electron translatIonal factors in
cluded in the basis functions. In the region -- 10-400 ke V lu, 
the CC-AO method provides a ± 20% accuracy if the num
ber of basis states is about --(5-6)q, or somewhat smaller if 
appropriate pseudo states are included. In the energy range 
above --500 keY lu, the CDW method is able to provide a 
± 20% accuracy for the total cross section if it is applied 

separately to the first -- (q + 3) final states and the contribu
tion from the higher states is accounted for by the n - 3 Op
penheimer's rule. 

The above conclusions about the accuracy of the three 
"bench-marking" methods also hold in the multielectron 
target case, provided the electronic states are accurately de
scribed and the reaction channels corresponding to simulta
neous many-electron transitions or to multistep processes 
c~n h~ neglected. In assessing the accuracies of the calcula
tions for particular reactions presented in Table 1, in addi
tion to using Table 4 as a guide, we have paid special atten
tion to the approximations made in the electron state 
description and to the influence of multi electron and multi
step transition processes to the electron capture channel. 

The accuracy of electron state description plays a par
ticularly important role in cross-section calculations by the 
CC-MO, CC-AO, and CDW methods, since these have the 
intrinsic ability to produce highly accurate ( ± 20%) cross
section data. A self-consistent method for generating elec
tronic states (Le., molecular or atomic orbitals) is deemed to 
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be a minimum requirement to assure that the electronic state 
representation does not introduce an uncertainty in the 
cross-section results of greater than 20%-30%. For helium, 
a variational wave function with at least three parameters is 
required to attain the same goal. In the two-state models 
(LZ, RZD, AM, AM-Res), the accuracy of the obtained re
sults (within the model itself) is strongly influenced by the 
accuracy with which the coupling interaction is calculated. 
Criteria for assessing the accuracy of coupling-interaction 
calculations are available.3 The accuracy of cross-section 

data calculated by the two-state models can ,be significantly 
affected by the neglect of the coupling' with other possible 
reaction channels. An analysis of the reaction dynamics is 
needed for each of the collision pairs treated by a two-state 
model to assess the uncertainty in the results introduced by 
the neglected channels. (In most cases where two-state mod
els were employed, the authors have ,already considered the 
applicability of the model.) Except at very large collision 
energies andlor for low-chargetl ions, the effects of. the elec
tronic structure of the projectile ion do not playa critical role 
in the calculations. If the collision energies are such that the 
ionic core electrons do not participate in the collision dy
namics, the ion is usually described by an effective charge, 
determined from spectroscopic data. The aspects introduced 
in the accuracy assessment procedure by the structure of the 
projectile ion were analyzed in detail i,n Ref. 2. /' , 

The above discussion regarding the effects of electronic 
structure and collision dynamics on the accuracies of the 
methods presented in Table 4 remains valid also for the ion
ion charge exchange collisions. In almost all of these calcula
tions,listed in Table 2, the Coulomb trajectory effects have 
been explicitly taken into account. (Exceptions are the calcu
lations in Re{ 51). We note that these effects are small (in the 
total capture cross section) for energies well above the one 
corresponding to the cross-section maximum, but they may 
be very large i~ the energy region below the cross-section 
maximum. (For the quasiresonant reactions, the Coulomb 
repulsion of nuclei introduces a threshold.27) 

For the two-electron capture processes (listed in Tables 
2b and 3), the correlation between the two active electrons 
plays a major role, particularly at low energies. An indepen
dent-particle model is not expected to be adequate even in 
the upper region of the energy range investigated in the pres
ent report (S 1 MeV lu) and may significantly degrade the 
accuracy in the calculation of single-particle transition prob
ability attained by a highly accurate method, such as CDW. 

For some of the methods listed in Table 4, the accuracy 
is left unspecified because of the lack of firm theoretical ar
guments. For these methods (VPS-Emp, BK-Emp, HI, B

BI, CPB), the accuracy of the cross-section calculations can 
be established only for specific reaction systems for which 
there are both accurate theoretical calculations and experi
mental data for comparisons. A similar approach of compar
ing relative accuracies can be used also for the calculations in 
which the uncertainty introduced in the results by the inade
quate treatment of electronic structure (and neglected reac
tion channels) is difficult to assess directly. 

For most of the methods with a stated accuracy in Table 
4, the relative accuracy can be established from the reactions 
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of He with He2 + for which large-base close-coupling calcu
lations'in the low- and intermediate-energy regions and 
CDW calculations in the high-energy region exist, together 
with reliable experimental data (see Figs. 1 and 18). The con
clusions obtained from such a comparative analysis can then 
be extended to other reaction systems and checked (or cor
rected) on other less complex systems when experimental 
data exist (e.g., He + LP+,C6+,N7+,08+, see Figs. 2, 7,8, 
and 10, respectively). 

It is obvious that such a procedure, even complemented 
by an analysis of the electronic structure and collisional dy
namics effects on the accuracy, cannot pretend to produce 
critically evaluated cross-section data for the collision sys
tems for which highly accurate theoretical calculations and 
reliable experimental data do not exist. However, even for 
such systems the adopted procedure provides a rough assess
ment of the accuracies of calculated cross sections. 

5. Evaluated Cross-Section Data 
The accuracy of the cross-section data for each ana

layzed charge exchange reaction listed in Tables 1-3 has 
been determined by employing the procedures described in 
the preceding section and is shown in the last column of the 
tables. Before going into the details of how these procedures 
have been applied to particular reactions, we note the follow
ing: The appearance of two symbols [(a,b), or (b,c), for exam
pie] in these tables means that the accuracy of the data is not 
uniform in the entire energy region in which they are calcu
lated. The better accuracy is pertinent for that part' of the 
energy region investigated in which the validity conditions 
of the method are better fulfilled. The data having an accura
cy within a factor 2 or better (a, b, or c) are presented in Table 
5 (for one-electron capture in ion-atom collisions), Table 6 
(for one-and two-electron capture in ion-ion collisions), and 
Table 7 (for two-electron capture in ion-atom collisions). 
Some illustrative examples are presented in graphical form 
(Figs. 1-19). Experimental data, where available, are also 
shown in these figures and are indicated by a letter E after 
the reference number in the legend. In presenting the data in 
Tables 5-7 or in the figures, we have adopted the following 
criteria: 

From all available calculations using the same method, 
only those with highest accuracy are presented; 

If the calculations are extended outside the region of 
validity of the applied method, only the part which conforms 
with the validity region is presented; 

The VPS-Emp and BK-Emp data listed in Table I are 
presented in their entirety since they contain a fitting param
eter to conform with experimental data; 

Graphical presentation is made of data for those reac
tions for which more than two calculations exist and/or 
there are reliable experimental data for comparison (with a 
few exceptions); 

We now give some details on the application of assess
ment procedures to pnrticular reaction cross-section calcu
lations, or to entire classes of them. 
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5.1. Single-Electron Capture Reactions 
a. He Target 

The availability of reliable experimental data for the 
He2 + + He single capture cross section in the entire energy 
region 1-1000 keY lu (see Fig. 1, and the references quoted 
there), and the simple structure of this system, make the as
sessment of the accuracies of theoretical calculations for this 
reaction a relatively easy task. In the eriergy region from 3 to 
34 ke V lu, there are 16-MO-states close-coupling calcula
tions,S for which the molecular orbitals (MO) were deter
mined by the OEDM code (see Ref. 5 for details), The 16-MO 
basis can be considered as sufficient for this two-electron 
system to account for all the dominantly interacting 'states in 
the energy region consi¢lered. Since the two-electron capture 
channel has also been included in the calculations, and the 
ionization channel is small at these low energies, one can 
expect that the obtained results have an accuracy of at least 
± 50%. The comparison wi~h the experimental data of 

Refs. 62 and 67 confirm this conclusiop.. In the region from 
25 to 750 kt;V lu, there an:: CDW cakulatiolls24 with a 35-
term configuration interaction (el) wave function for the 
initial state. In the region above 300 keV/u (for this particu
lar system), the CDW method is expected to give an accura
cy within ± 20%. The accuracy ofthe above-mentioned CI 
wave function is certainly well within these limits. There
fore, one can ascribe an accuracy (a) to these calculations in 
the region above 300 keY lu. As can be'seen from Fig. 1, the 
CDW calculation of Ref. 23, with a three-paratneter vari
ational wave function fo~ the initial state, gives essentially 
the same accuracy. The ~greement of experimental data 
from Refs. 64-66 with the CDW calculations above 200 
keY lu is within 10%-40%, but agreement among,the ex
perimental results themselves is also within these limits. In 
the region from 30 to 300 keY lu the 3-AO state close-cou
pling calculations, supplemented by taking into account six 
other states through a pertubational tr~atment, 29 give an ac
curacy well within ± 50%. The experimental data in the 
rc;gion 30--200 ke V lu arc dispersed within the same accura
cy limits (see Fig. 1). The three calculations mentioned have 
been taken as standards (with their absolutely determined 
accuracies) against which we have determined the accuracies 
of all other calculations for the Hez+ + He single-electron 
capture reaction. . 

I~ assessing the accuracy of different calculations for 
He-fully (or highly) stripped ion systems one should consider 
that, although the number of active electrons remains the 
same as in the He2 + + He system, any close-coupled calcu
lation would require a much larger basis of states (roughly 
proportIOnal to q). The reason is that electron capture may 
now go into a group of excited levels of the projectile, the 
number of which increases with increasing q and the energy 
(up to --50 keY lu). For sufficiently high values of q (q~ 8), 
two-electron capture and simultaneous capture and ioniza
tion become important reaction channels, which are co~pled 
with the single-electron capture. (Capture of two electrons at 
low energies leads to creation of a double excited state which 
decays rapidly by ejection of one of the electrons into the 
continuum, therefore changing the projectile charge by one 
unit only.) 

fql' the He + Lj3+ system the above channel-coupling 
problem is not expected to be pronounced .. and calculations 
hav~ been performed by UDWA35 in the range 10-1000 
keY lu and CTMC31 in the range 100-200 keY lu. In the 
regions of their validity, both of these methods are expected 
to give an accuracy of ± 50% (see Table 4), and description 
of the helium target within an independent particle model 
(with ZeiT = l.69) is not expected to degrade considerably 
the accuracy of the results in the energy region above ....... 50 
ke V /ll. The experimental results of Refs. 68":'70, shown in 
Fig. 2, confirm this assessment. For the CTMC method, the 
above conclusion is experimentally confirmed also on the 
He + B5 +, C6 +, N 7 +, and 0 8 + reaction systems, as shown 
in Figs. 6, 7, 8, and 10, respectively. The results of Ref. 20, 
plotted in these figures and in Fig. 11 for He + p9 + , as well 
as tnose of Ref. 32 for He + Sj14+ in Fig. 12, have a semiem
pirical origin (empirically normalized BI). The VPS-Emp 
results of Ref. 40, plotted in Figs. 9 and 10 (for He + 0 6 + 

and 0 8 +, respectively) contain a normalization factor of 1/3, 
which also has an empirical origin. 

For the reactions of He with incompletely stripped ions, 
the assessment procedure becomes more difficult and less 

, reliable (correspondingly, the uncertainty limits larger). The 
uncertainties of the assessment procedure are, of course, 
somewhat reduced for the reactions fof which experimental 
data exist. PSS calculations have been performed for 
He + B3 + (Ref. 7) and He + C4+ (Ref. 6) with four-"and five
MO bases. In the first instance, the basis, although. small, 
accounts for the major couplings in the system and an accu
racy within ± 50% can be expected. The comparison with 
the experimental data (Refs. 71-73) shows an agreement of 
this degree of accuracy (see Fig. 5). For the second reaction, 
however, the five-state MO basis seems to be insufficient, 
due to the strong coupJing of the one- and two-electron cap
ture channels (see Fig. 19 for the value of two-electron cap
ture cross section). Therefore an accuracy of ± 40%-100% 
(b,c) has been ascribed to these calculations, which conforms 
with the experimental data.92 

For tbe otber reaction systems of this category, the 
cross sections have been performed by less accurate models 
(LZ, RF, DM, BK~Bik), and" if there were no experimental 
data to compare with, we have ascribed to the corresponding 
cross sections (in the region of validity of the models) an 
accuracy in accordance with Table 4. We note that the cross 
sections calculated by the decay model (DM) refer to the sum 
of single-, double-, etc., electron capture cross sections. For 
the summed cross section (u:,t)' this model provides a factor 
of2 accuracy or even better (see, e.g., Ref. 3, for examples). 
Therefore, for the DM cross-section calculations presented 
in Table 1, we have ascribed a (b,c) accuracy. 

b. Alkali Atom Targets 

For the simplest three-electron system, Lj + He2 +, ex
tensive close-coupling calculations have been performed in 
the region 0.05-2 keY lu by the PSS method using 12 MO 
states,8 and in the region 0.1-20 ke V lu using the CC-AO 
method with 40 states. 18 For the region --10-400 keY lu, 
CTMC calculations have been performed by using the inde
pendent-electron, independent-sbell model with an effective 
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core charge for each shell. 8,44 Experimental data for this re
action are available in the region above 0.1 ke V lu (Refs. SO
S2 and 92). The CTMC cross sections (summed over the K 
and L shell) are consistent with the experimental data within 
a 50% accuracy (see Fig. 15). In the energy region 2-4 ke V I 
u, the experimental data of Refs. ,so and 92 are inconsistent: 
Those of Ref. SO show a decrease with decreasing energy, 
while the data of Ref. 92 are flat in this region and begin to 
decrease only at about O.S ke V lu. The difference between 
the two experimental cross sections at 2 keY lu is a factor of 
2. 

The 4O-state CC-AO calculationsl~ agree with the ex
perimental data of Ref. 90 within ± 25 % down to E ~ 0.25 
ke V lu and to within 30%-40% in the range 0.1-0.2 ke V lu 
(see Fig. 15). In contrast ~o this, the 12-state CC-MO calcula
tions8 follow the trend of the experimental data from Ref. SO 
(these data ar,e not shown in Fig. 15 below the 4 keV/u ener
gy), and at ,...,0.1 keY lu disagree with CC-AO calculations 
and the data of Ref. 90 by a factor of about 5. We gave 
priority to the 40-state CC-AO c~lculati9ns over the \ 12-state 
PSS calculatioms OIl th~ balih~ of th~ following al-gulllcnts; (i) 
the basis of the CC-AO calculation was substantially larger 
than that of the PSS calculations and was supplemented by a 
set of united-atom pseudostates to describe the electronic 
motion at small internuclear distances; (ii) the experimental 
data of Ref. 82 in the region 3.5-5 keY lu exhibit a trend 
which can be smoothly connected with the behavior of the 

. experimental cross section ofRcf. 90 below 1 kc V lu; and (iii) 
they are consistent with the two-state CC-AO calculations43 

in the region 2.5-5 keY lu, where the maximum of the cross 
section lies. [The reaction Li + He2 + ~Li+ + He+ (n = 3) 
is quasiresonant and a two-state approximation well de
scribes the process in the energy region around its maxi
mum.] 

For all other electron capture reactions of Li, as well as 
for those of other alkali target atoms, onlYo!t cross sections 
have been calculated at E = 1.32 keY lu by using the decay 
model. As discussed earlier, we ascribe an accuracy between 
30% and 100% to these data. 

c. Inert Gas Atom Targets (Other Than Helium) 

In the low-energy region, most of the electron capture 
cross-section calculations for inert gas atom targets other 
than helium have been performed by the DM method at 
selected collision energies (see Table 1). In a few cases, there 
are also low-energy calculations performed within the RF or 
LZ models (Refs. 10 and 39). The accuracy of the latter is low 
[(c) or (d)] as assessed on the basis of comparison with experi
mental data (Ref. 10 and 39), the employed two-state cou~ 
pIing matrix elements, and of neglected reaction channels. 

At higher energies, electron capture from the inner 
shells starts to play an important role for these target sys
tems. The maximum of the cross section for electron capture 
from a particular subshell with a mean binding energy E g~s 
. takes place approximately at a collision energy46 

E--IEg~s - E~ I, 
where E ~ is the binding energy of the electron in its final 
state. The independent-shell (or subshell) model is usually 

J. Phys. Chern. Ref. Data, Vol. 13, No.4, 1984 

assumed to be acceptable in the high-energy region, al
though ~this ~ssumption may introduce considerable uncer
tainty in the calculations at energies where the contributions 
to tIle cross section for two shells (or subshells) are compara
ble. In the medium to high-energy region, VPS-Emp cross 
sections summed over the electronic shells of the target have 
been performed40 for Ne + Xeq + (q = 2,4,8,10) and 
Ar + F 7 +, and thetr accuracy, although unspecified on 
theoretical grounds, may lie within a factor of 2 or so, as 
suggested by the comparison with experimental data. (This 
assessment has not been entered in Table 1.) 

Most of the calculations for these target atoms, how
ever, have been done for K - and L-shell electron capture. For 
Ne + He2 + and Ne + LP+, CC-AO calculations with a 48 
Hartree-Fock state basis have been reported in Ref. 15 at 
energies from 400 to 4000 ke V lu. Since the coupling 
betw~en the K- and L- shell capture channels has been ade
quatelyaccounted for in the calculations, and since the tar
get electronic states have been described sufficiently well, we 
have ascribed an accuracy (a) or (b) to these large-basis calcu
laliollli. In lht: n::;glou above 1000 ke V lu, this asse:ssment has 
also been supplemented by comparison with experimental 
,da~a for the Ne +LP+ case83 (see Fig. 16). Similar large-
basis CC-AO calculations, including pseudostates to de
scribe the coupling with the continuum, have also been per
formed for the Ar + He2+, C4 +, and C6+ systems16 in the 
region 1-9 MeV lu. For the same reasons as in the 
Ne + He2 +, LP+ cascs, wc havc ascribed an (a) or (b) accu
racy to these cross sections. For Ne, Ar, and Kr atoms, col
liding with fully stripped ions C6 + , N7 + , p9 +, C) 17 + , K -shell 
to K-shell electron transfer calculations have been per
formed by using a two-state CC-AO method45 in the energy 
region above 1 MeV lu. An independent-electron model, 
with adequately chosen effective core charge to account for 
the screening effects, can provide a factor of 2 accuracy for 
such calculations in this energy region, as confirmed by the 
. experiments (see, e.g., Ref. 45). Therefore, an accuracy (b) or 
(c) has been adopted for these calculations, except where 
comparison with reliable experiments suggest otherwise (see 
Table 1). For the other collision systems of this class, similar 
arguments were used in assessing the accuracy of theoretical 
calculations. 

d. Other Target Atoms 

For Ti + He2 + (Ref. 16) and Cu + He2 +,C6 +,08+ 
(Ref. 17), large-basis ( + pseudostates) CC-AO calculations 
have been performed in the energy range 2-8 MeV lu (for Ti) 
and at 6.07 MeV lu (for Cu). The calculations are of the same 
Lyp~ali tho:s~forN~ + Li"-I-,Ar + H~'2-1-, amlAr +C6 -1- di:s
cussed in Sec. 5.l.c, and on the basis of the same arguments 
we have ascribed to them an (a) or (b) accuracy. Two-state 
CC-AO calculations for Cu + Si14+, gI6+, and C117+ for K
shell-K -shell electron transfer at selected energies have been 
performed in Ref. 19. Comparison with available experi
mental data (see Refs. 19 and 45) suggests a (b) accuracy for 
S16-1- and C117 -1- impact and a (d) accuracy for the Si14 -1- im
pact. 

Calculations for C + Hc7 <' , LP+ have been done in the 
energy range --0.8-3 MeV III by the BK-Eik method,34 with 
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an effective target core charge. Although the accuracy of this 
method cannot be estimated on pure theoretical grounds, the 
comparison with numerous experimental data for different 
systems suggests that it can provide an accuracy within the 
(b) or (c) categories. Our assessment (b), given in Table 1, was 
determined from comparison with experimental data (see 
Ref. 37). 

For other collisional systems, th~ cross-section calcula
tions have been performed by methods for which the assess
ment procedure has been discussed in the previous subsec-
tions. ' 

5.2. Ion-Ion Charge Exchange Reactions 

As we have mentioned in Sec. 4, the dynamical aspects 
of ion-ion charge excpange collision processes remain the ' 
same as in the ion-atom collisions, except that Coulomb tra
jectories haiVe to be used for description of nuclear motion (in 
the semiclassical approximation of the collision process). In 
the total cross-section calculations at high energies, the Cou
lomb trajectory effects can be 'neglect~d. Howeve!, these ef
fects significantly affect the cross-section results in the low
energy region (around and below the cross section 
maximum). Except in Ref. ,51, in all other calculations of 
ion-ion charge exchange cross sections, the Coulomb trajec- ' 
tory efiects have explicitly been included. Therefore, the as
sessment of the accuracies of the calculations presented in 
Table 2 has been done' on the basis of Table 4 land other 
considerations regarding the employed" coupling interac
tions, influence of different neglected reaction ch~nnels,etc. 
No experimental data exist for these reactions. Tpe low-en
ergy electron capture cro~s sections for the one-electron re
action systems from He+ + He2+ to 0 7+ + 0 8 + (Ref. 25) 
have been performed'by using the two-state asymptotic the
ory for the resonant charge transfer process with an asymp
totically correct expression for the coupling interaction. Pre
vious experience with cross-section calculations by this 
method for ion-atom reactions suggests that the accuracy of 
obtained results is well within a factor of 2. Therefore, we 
assign a (b,c) accuracy to the calculations of Ref. 25. On the 
basis of the same arguments we have assessed the accuracy of 
resonant two-electron capture cross sections in Table 2b. 
(With increasing ionic charge states, the two-state approxi
mation becomes increasingly better for the resonant electron 
transfer between low-lying states.) , 

The accuracy of the calculations of Ref. 27 for the qua
slresonant one-electron capture reactions He2

;- + 0 2
;-, 

C2+ + B+, N3+ + C2+ , ... , N6 + + FS+ has been deter
mined by arguments similar to those used above for resonant 
reactions_ The analysis of the structure of reaction systems 
has shown that in the considered energy range the use of the 
two-state approximation is justifiable. 

The accuracy of the CDW calculations (Refs. 24 and 29) 
for the single-electron systems presented in Table 2 has been 

determined on the basis of Table 4 and for the CTMC calcu-
I I' 

lations'(Ref1 53) has been estimated ~y the author of the cal-
culations. 

I In Ref. 51, the only case where Coulomb trajectory ef
fects have not been included in the calculations 
(0+ + C6 + , ... ,03 + + 0 8 +, see Table 2), we have found that 
the calculated cross section (for the two selected energies) lie 
in the region of the cross-section maximum (usually broad 
for quasiresonant reactions). On the basis of general accura';' 
cy of the LZ. method and neglected Coulomb trajectory ef
fects (not large in the region of the cross-section maxium), we 
have ascribed an accuracy (c) or (d) for these cross sections. 

5.3. Ion-Atom Two-Electron Capture Reactions 

Numerous cross-section calculations have been per
formed for the double-electron capture in the He + He2+ 
system in the region from 0.1 to ,..., ~OO keY lu using different 
methods. In the energy region above .- 2 ke V lu, there also 
exist experimental data for the process (see Fig. 18). In the 
low-energy region (.- 3-33 keY /u), PSS calculations with a 
16-state MO basis have been performed for this system (Ref. 
5). Considering the accuracy of the basis functions (see the 
disc~ssion for the He + He2+ single-electron capture) and 
the size of the basis, one can determine that the accuracy of 
the calculations is well within ± 40%. The experimental 
data of Refs. 62,63, 89,- and 91 in this region are in disagree
ment to within the same uncertainty. In the intermediate 
energy range, ....., 1-375 keY lu, three-state CC-AO calcula
tions (plus six other states included perturbationally) have 
been performed for this system,29 and they are within a 50% 
agreement with the experiment in the region above 100 ke V I 
u, and less accurate at lower energies. The CDW method has 
also been used58 to calculate the double-capture cross section 
in this system (energy range 125-350 keY lu). However, the 
use of an independent~particle model (multiplication of sin
gle-electron probabilities) degrades the accuracy of the 
method to a (b) or (c) category (see Fig. 18). 

For the He + C4 + system, the two-electron capture 
channel below ....., 2 ke V lu dominates over the one-electron 
capture.92 The four-state PSS calculations6 and the LZ cal
culations with a correct coupling interaction30 agree with the 
experimental data to within 30% as shown in Fig. 19. Three
state CC-AO calculations for K-shell two-electron capture 
in Ne + N7+, 0 8+, p9+ systems have beenperformed57 in 
the energy range of ....... 1-5 keY lu. Although the coupling 
with the L-shell electrons has been included to some extent 
in these calculations, we expect that their accuracy cannot be 
better than category (c). CDW calculations have been per
formed in the independent-electron model also for the 
Ar + p9+ system. 58 On the basis of the same arguments used 
in the He + He2+ case, we have assessed the accuracy of 
these calculations to be within a factor of 2. 
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Table 1. Sources of theoretical data for charge transfer betwe.en atoms (Z ~ 2) and ions (q ~ 2) (cont' d.) 
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Table 1. Sources of theoretical data for charge transfer between atoms (Z ~ 2) and ions (q 2 2) (cont I d.) 
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+39 

+40 

+0: 

+03 

+03 

+06 
+08 

+02 

+03 

+03 

+05 

+06 

+02 

+07 

+07 

+02 
.,.oa 

+08 

+09 

+09 

+10 

+10 

+11 

Energy Range. 
(keV/u) 

1.32 

1.32 

1.32 

1.32 
1.:32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.:::12 

1.32 

1.32, 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

770-3100 

770-3100 

6-9000 

6-14000 

6-20000 

400-4000 

400-4000 

770-3100 

1.5 

1.5 

0.7-16 

1.5 

1000-1400 

0.2-14 

1.' 
1500-2200 

1.5 

1000-1600 

0.76 

1.5 

1.S 

Method and Commentsa 

DM, Oto/' 
... 

DM, 0tot 

DM, 0 tot* 

* OM, O'tot 

DM, I1 tot* 
* DM, O'tot 

OM, Oto/ 

* OM, 0tot 

OM, O'tot* ,., 
OM, O'tot 

* OM, 0tot 

* DM, 0tot 

OM, Otot'" 

* DM, 0tot 

DM, 0tot * ,., 
OM, 0tot 

DM, Otoe'" 

* OM, 0tot 

DM, Ctoe'" 

* DM, 0tot 

DM, Otot'" ,., 
DM, O'tot 

OM, O'tot'" 

* DM, °' tot 

BK-Eik, Zeff 

BK-Eik, Zeff 

VPS-Emp, O'sumt 

VPS-Emp. 0'3um
t 

VPS-Emp, O'sumt 

CC-AO (48+1 states) 
unitarity not preserved 

O'K§ 

CC-AO (48+1 states) 
unitarity not preserved 

O'K§ 

BK-Eik, Zeff 

OM, Otot* 

OM, O'tot* 

RF; stat. average 

DM, O'to/ 

CC-AO (2 states); 0K-K 

LZ; RF; stat. average 

DM, O'tot * 
CC-AO (2 states); 0K-K 

DM, O'tot'" 

CC-AO (2 states). 0K-K 

'" DM, 0' tot 

DM, ° tot 
'* 

'" DM, ° tot 

Accuracy 

(b,e) 
(b,e) 

(b,c) 

(b,e) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,e) 

(h,c) 

(b,c) 

(b,c) 
(b,(';) 

(b,c) 

(b,c) 

(b.c) 

(b,c) 

(b,c) 

(h,c) 

(b,c) 

(b,c) 

(b,c) 

(b) 

(b) 

(a,b) 

(a,b) 

(b) 

(b,c) 

(b,c) 
(d) 

(b,c) 
(b) 

(c) 

(b,c) 

(b,c) 

(h,c) 

(h,t') 

(h,e) 

(b,c) 

(b,e) 
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Table 1. Sources of theoretical data for charge transfer between atoms (Z ~ 2) and ions (q ~ 2) (contld.) 
I I' 

Reference 

37 

37 

37 

37 

37 

37 

42 

42 

42 

42 

42 

42 

42 

37 

37 

37 

37 

37 

37 

37 

37 

46 

40 

40 

40 

40 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

Target 
Atomic 
Species 

Ne 

Ne 

Ne 

Ne 

Ne 

Me 

Ne 

Ne 

Ne, 

Ne 

Ne 

Ne 

Ne 

Ne 
Ne 

Ne 

Ne 

Me 

Me 

Ne 

Me 

Me 

Ne 

Ne 

Ne 

Ne 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

No 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Projectile 
Ionic 

Species 

Mg 

M

Si 

P 

C£ 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

K 

Ca 

Sc 

Ti 

v 
Cr 

Mn 

Kr 

Xe 

Xe 

Xe 

Xe 

C 

N 

o 

Ne 

Na 

Mg 

M-

S1 

p 

S 

CR, 

Ar 

K 

Ca 

T1 

V 

Cr 

Mn 

Fe 

Co 

Ionic, 
Charge 
State 

+12 

+13 

+14 

+15 

+16 

+17 

+03 

+04 

+05 

+06 

+07 

+08 

+09 

+18 

+19 

+20 

+21 

+22 

+23 

+24 

+25 

+03 

+02 

+04 

+08 

+10 

+05 

+06 

+07 

+08 

4-0q 

+10 

HI 

+12 

+13 

+14 

+15 

+16 

+17 

+18 

4-19 

+20 

+22 

+23 

+24 

+25 

+26 

+27 

Energy Range , 
(keV/amu) 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

1.5 

1.5 

1.5 

1.5, 

1.5 

1.5 

1.S 

1.5 

0.005-1.4 

2-9000 

2-13500 

1-23400 

1-35000 

1.32 

1.32 

1.32 

1. 32 

1. 32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

Method and Commentsa 

DM, 

DM, 

OM, 

DM, 

OM, 

DM, 

OM, 

OM, 

OM, 

DM, 

DM. 

OM. 

OM, 

OM, 

DM, 

DM, 

OM, 

DM, 

DM, 

OM, 

DM, 

'I< 
a tot 

" °tot 
* 0' tot 
* atot 
*. a tot 
* a tot 
* °tot 
* a tot 

'" a tot 
'I< 

O'tot 
* a tot 

* a tot 
* °tot 
* a tot", 

a tot 
* O'tot 
* a tot 
* (J tot 
* °tot 
* °tot 
* o tot 

M-VPS 

VPS-Emp, a 
BUrnt 

VPS-Emp, a sum 
VPS-Emp, a t 

sumt 
VPS-Emp, O'sum 

DM, a tot * 
* DM, a tot 

* OM, a tot 

DM, a tot* 
nM, rlcoc* 

* OM, a tot 

* DM, 0' tot 

DM, 0tot * 
OM, a tot* 

* OM, a tot 
DM, a tot* 
DM, a tet* 
OM, a tot * 

'I< 
DM, a tot 

DM, C tot * 
* DM, a tot 

DM, a to/ 

'" OM, a tot 

OM, a tot* 
DM, Otot* 

OM, a tot* 
* OM, Ctot 

Accuracy 

(b,c) 

(b,c) 

(b,c) 

{b,c) 

(b',c) 

(b,c) 

(c) 

(c) 

(c) 

(c) 

(c) 

(c) 

(c) 

(b,c) 

(h,c) 

(h,c) 

(b,c) 

(b,c) 

(b, c) 

(h,c) 

(h,c) 
(b) 

(b,c) 

(h,c) 

(h,c) 

(h,c) 

(h,r) 

(b,c) 

(b.c) 

(b,c) 

(b,c) 

(b,c) 

(h.c) 

(b,c) 

(b.c) 

(h,c) 

(b,e) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(h,c) 
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1222 R. K. JANEV AND J. W. GALLAGHER 

'Iable 1. Sources of theoretical data for charge transfer betwee,n I~toms (z ~ 2) and ions (q ~ 2) (cont'd.) 

Reference 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

47 

48 

49 

21 

16 

37 

16 

37 

16 

45 

39 

37 

45 

10 

37 

40 

37 

49 

45 

42 

37 ' 

37 

37 

37 

37 

37 

37 

37 

50 

50 

42 

Target 
Atomic 
Species 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Na 

Si 

S1 

Si 

S1 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

AT: 

Projectile 
Ionic 

Species 

N1 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 
y 

Zr 

F 

F 

F 

Si 

He 

B 

C 

C 

c 
C 

N 

N 

N 

o 
o 
F 

F 

F 

F 

Ne 

Ne 

Na 

Mg 

AI. 

Si 

P 

S 

CR. 

Ar 

Ar 

AT: 
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Ionic 
Charge 
State 

+28 

+29 

+30 

+31 

+33 

+34 

+35 

+36 

+37 

+38 

+39 

+40 

+09 

+09 

+09 

+14 

+02 

+05 

+04 

+06 

~6 

+06 

+02 

+0.1 

+07 

+02 

+08 

+07 

+09 

+09 

+09 

+10 

+10 

+11 

+12 

+13 

+14 

+15 

+16 

+17 

+04 

+05 

+06 

,Energy Range 
(keV/u) 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

400-2400 

70-770 

400-2200 

100-90000 

'1000-9000 

1.5 

1000-8000 

1.5 

1000-9000 

1000-2000 

0.7-16 

1.5 

1000-2000 

0.2-14 

1.5 

6-~6UUO 

1.5 

1000-4000 

1000-4000 

0.76 

1.5 

1.5 

1.5 

1.5 

1.5, 

1.5 

1.5 

1.5 

1.1 

1.1 

0.05-3.4 

, Method and Commentsa 

* OM, 0tot 

* OM, <1 tot 
* OM, ° tot 
* OM, 0tot 

* DM, U tot 

* OM, a tot 

* OM, a tot 

* OM, a tot 

* OM, <1 tot 

* OM, 0tot 

* DM, a tot 
* OM, 0tot 

* DM, a tot 

PSS (2 states), 0K-K 

CC-MO (2 states) 
Variable screening model 

, CC-AO (2 states) 
Herman-Skillman potential 

Cf K- K 

N-BK 

CC-AO (+ pseudostates), OK§ 
Unitarity not preserved 

* OM, a tot 

CC-AO (+ pseudostates), OK§ 

OM, 0tot* 

CC-AO (+ p~eudo~tates), CK§ 

CC-AO (2 states), 0K-K 

RF, stat. average 

* OM, 0tot 

CC-AO (2 states), 0K-K 

LZ; RF, stat. average 

* DM, 0tot 
vPS-Emp, 0sumt 

* OM, 0tot 
CC-AO (2 states; 

Herman-Skillman screening 
°K-K 

CC-AO (2 states), 0K-K 

DM, 

OM, 

DM, 

OM, 

OM, 

OM, 

DM, 

OM, 

DM, 

* °tot 
* °tot 
* °tot 
* a tot 
* o tnt 

* °tet 
* a tot 
* <1 tot 
* <1 tet 

1< 
DM, "tot 

Accuracy 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(c,d) 

(b,c) 

(a,b) 

(b,c) 

(a,b) 

(b,c) 
(a,b) 

(a,b) 

(d) 

(b,c) 

(b,c) 

(c) 

(b,c) 

(b,c) 

(b,c) 

(b) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b) 



CROSS-SECTION DATA FOR CHARGE EXCHANGE 1223 

Table 1. Sources of theoretical data fqr charge transfer between atoms (Z S 2) and ions (q ~ 2) (cont'd.) 

Reference 

50 

42 

50 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

42 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

)/ 

37 

37 

37 

37 

37 

37 

Target 
AtomIc 

Species 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar' 

Ar 

Ar 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

K 

Projectile 
Ionic 

Species 

Ar 

Ar 

Ar 

Ar 

K 

Ca 

Sc 

Ti 

V 

Cr 

B 

C 

N 

o 
F 

Ne 

Ne 

Na 

Mg 

Ai. 

Si 

P 

S 

CR. 

Ar 

K 

Ca 

Sc 

Ti 

v 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 

y 

Ionic 
Charge, 
State 

+06 

+07 

+07 

+18 

+19 

+20 

+21 

+22 

+23 

+24 

+25 

+05 

+06 

+07 

+08 

+09 

+10 

+10 

+11 

+12 

+13 

+14 

+15 

+16 

+17 

+18 

+19 

+20 

+21 

+22 

+23 

+24 

+25 

+26 

+27 

+28 

+29 

+30 

+31 

+32 

+.33 

+34 

+35 

+36 

+37 

+38 

+39 

Energy Range 
(keV/u) 

1.1 

0.06-3.3 

1.1 

1.5 

1.5 

1.5 

1.5 

10'5 

1.5 

1.5 

1.5 

1.32 

1.32 

1.32 

1.32 

1.32 

0.76' 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1 • .32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

Method and Commentsa 

* DM, <1 tot 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM. 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

* <1 tnt 

* <1 tot 
* <1 tot 
* ° tot 
* <1 tot 
* ° tot 
* <1 tot 
* 0' tot 
* <1 tot 
* <1 tot 
* <1 tot 
* ° tot 
* ° tot 
* 

°tot" 
°tot 

* <1 tot 
* <1 tot 
* °tot 
* ° tot 
* °tot 
* °tot 
* <1 tot 
* °tot 
* °tot 
* °tot 
* °tot 
* °tot 
* V tot 
* <1 tot 
* <1 tot 
* °tot 
* °tot 
* <1 tot 
* Gtot 
* G tot 
* <1 tot 
* Gtot 
* °tot* 

<1 tot 
* °tot 
* <1 tot 
* °tot 
* <1 tot 
* G tot 

Accuracy 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(h,c) 

(b,c) 

(b,c) 

{b,c) 

(b,c) 

(b,c) 

(h,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(h,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,C) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 
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1224 R. K. JANEV AND J. W. GALLAGHER 

Table 1. Sources of theoretical data for charge transfer between a~oms (Z ~ 2) and ions (q ~ 2) (cont'd.) 

Reference 

37 

19 

16 

19 

17 

17 

17 

19 

19 

19 

"31 

37 

37 

39 

10 

37 

37 

45 

42 

37 

37 

37 

37 

37 

37 

37 

45 

37 

37 

37 

37 

37 

37 

37 

37 

37 

42 

42 

42 

42 

42 

42 

42 

Target 
Atomic 
Species 

K 

Sc 

Ti 

Ti 

Cu 

Cu 

Cu 

Cu 

Cu 

Cu 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

_ Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Kr 

Projectile 
Ionic 

Species 

Zr 

Si 

He 

Si 

He 

C 

o 

Si 

CR

B 

C 

N 

N 

o 
o 
F 

F 

Ne 

Ne 

Na 

Mg 

At 

Si 

p 

S 

CR. 

CR. 

Ar 

K 

Ca 

Sc 

Ti 

v 

Cr 

Mn 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 
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Ionic 
Charge 
State 

+40 

+14 

+02 

+14 

+02 

+06 

+08 

+14 

+16 

+17 

+05 

+06 

+07 

+02 

+02 

+08 

, +09 

+09 

+10 

+10 

+11 

+12 

+13 

+14 

+15 

+16 

+17 

+17 

+18 

+19 

+20 

+21 

+22 

+2J 

+24 

+25 

+03 

+04 

+05 

+06 

+07 

+08 

+09 

Energy Range 
(keV/u) 

1.32 

1930 

2000-8000 

1930 

6070 

6070 

6070 

1930 

1710 

1710 

1.5 

1.5 

1.5 

3-15 

0.3-14 

t' 1.5 

1.5 

2400-4000 

0.76 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

2800-4500 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.::; 

1.5 

1.5 

0.23 

0.23 

0.23 

0.23 

0.23 

0.23 

0.23 

I Method and Commentsa 

'" DM, 0' tot 

CC-AO (2 states), O'K-K 

CC-AO (+ pseudostates) 

CC-AO (2 states), 0K-K 

CC-AO (+ pseudostates) 
27+1 states 

O'K§' O'L§ 

CC-AO (+ pseudostates) 
27+1 states 

°K§,oL§ 

CC-AO (+ pseudostates) 
27+1 states 

0K§' °L§ 

CC-AO (2 states), 0K-K 

CC-AO (2 states), 0K-K 

CC-AO (2 states:, O'K-K 

DM, 0' tot 

'" DM, 0' tot 

'" DM, O'tot 

LZ; RF stat. average 

'" DM, O'tot 

'" OM, O'tot 

CC-AO (2 states), O'K-K 

'" OM, O'tot 

'" OM, 0' tot 

'" OM, 0' tot 

OM, 0tot * 
'" OM, O'tot 

OM, ° tot'" 

'" OM, O'tot 

'" OM, ° tot 

CC-AO (2 states), 0K-K 

OM, 

OM, 

DM, 

OM, 

DM, 

OM, 

UM, 

OM, 

DM, 

nM. 

DM, 

DM, 

DM, 

DM, 

DM, 

OM, 

'" O'tot 

'" O'tot 

'" O'tot* 

O'tot 

'" O'tot 

'" °tot 
'" °tot 

'" °tot 

'" °tot 

'" Cf tot 

'" °tot 
'" °tot 

'" O'tot 
* °tot 

'" °tot 
'" °tot 

Accuracy 

(b,c) 

(c) 

(a, b) 

(c) 

(a,b) 

(a,b) 

(a,b) 

(d) 

(b) 

(b) 

(b,c) 

(b,c) 

(b,c) 

(d) 

(c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 
(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 
(h,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 
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Table 1. Sources of theoretical data for charge transfer beFw~~n atoms (Z ~ 2) and ions (q ~ 2) (cont'd.) 

Reference 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

,37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

39 

37 

10 

37 

37 

42 

37 

37 

37 

37 

Target 
Atomic 
Species 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 
Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Rb 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Projectile 
Ionic 

Species 

B 

C 

N 

o 
F 

Ne 

Na 

Mg 

AJ., 

Si 

p 

C,I', 

Ar 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 
y 

Zr 

B 

C 

N 

N 

o 

o 
F 

Ne 

Ne 

Na 

Mg 

AJ., 

Ionic, 
Charge' 
State 

+05 

+06 

+07 

+08 

+09 

+10 

+11 

+12 

+13 

+14 

+15 

+16 

+17 

+18 

+19 

+20 

+21 

+22 

+23 

+24 

+25 

+26 

+27 

+28 

+29 

+30 

+31 

+32 

+33 

+34 

+35 

+36 

+37 

+38 

+39 

+40 

+05 

+06 

+02 

+07 

+O? 

+08 

+09 

+10 

+10 

+11 

+12 

+13 

Energy Range, I 

(keV/u) 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.~2 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32, 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.5 

1.5 

2-15 

1.5 

0.,,-14 

1.5 

1.5 

0.76 

1.5 

1.5 

1.5 

1.5 

Method and Commentsa 

DM, 

DM, 

DM, 

OM, 

OM, 

DM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

DM, 
DM, 

DM, 

DM, 

DM, 

DM, 

DM, 

OM, 

DM, 

OM, 

OM, 

OM, 

DM, 

OM, 

DM, 

OM, 

DM, 

OM. 

OM, 

DM, 

OM, 

OM, 

DM, 

OM, 

OM, 

* Cl tot ,. 
Cl tot 

'* Cl tot 
* Cl tot 
'* Cl tot 
'* Cl tot 
* CI tot 
* Cl tot 
* °tot 
* Cl tot 
* Cl tot 

* Cl tot 
* 

CI tot 
* 

CI tot* 

°tot 
* Cl tot 
'* ° tot 
'* Cl tot 
'* °tot 
* °tot 
* °tot 
* °tot 
'* Cl eot 
* °tot 

'I< 

° tot 
* °tot 
* CI tot 
* ° tot 
* ° tot 
* °tot 
* °LUL 

'* °tot 
* ° tot 
'* °tot 
1< 

°tot 
* Cl tot 
* °tot 
* °tot 

RF, stat. average 

* OM, Cl tot 
L2; RF; QtQt. QVQrQSQ 

DM, Otot* 

OM, Cl tot * 
* OM, Cit-or 

OM, CI tot * 
'* OM, Cl tot 

OM, 0tot '* 
'OM, Cl tot * 

Accuracy 

:b,c) 

(h,c) 

(b,c) 

(b,'c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 
(b,c) 

(b,c) 

(b,c) 
(b,c) 

(h,c) 

(b,c) 
(b,c) 

(b,c) 

(b,c) 

(b.c) 
(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(h,,,) 

(h,c) 

(b,c) 
(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c.) 

(d) 

(b,c.) 
(c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c.) 

(b,c) 
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1226 R. K. JANEV AND J. W. GALLAGHER 

Table 1. Sources of theoretical data for charge transfer betwee,? ~,toms (z ~ 2) and ions (q S 2) (cont'd.) 

Reference 

37 

37 

37 

37 

42 

42 

42 

42 

42 

42 

42 

37 

37 

37 

37 

37 

37 

17 

42 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

37 

Target 
Atomic 
Species 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Xe 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Cs 

Projectile 
Ionic 

Species 

Si 

p 

CR. 

AI: 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

Ar 

5 

C 

C 

N 

o 
F 

Ne 

Ne 

Na 

M.g 

Ai. 

Si 
p 

s 
Ct 

Ar 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Kr 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 

Ionic 
Charge 
State 

+14 

+15 

+16 

+17 

T03, 

+04 

+05 

+06 

+07 

+08 

+09 

+18 

+05 

+06 

+06 

+07 

+08 

+09 
+10 . 

+10 

+11 

+12 

+13 

+14 

"'15 

+16 

+17 

+18 

+19 

+20 

+21 

.+22 

+23 

+24 

+25 

+26 

+27 

+28 

+29 

+30 

+31 

+32 

+33 

+34 

+36 

,Energy Range 
(keV/u) 

1.5 

1.5 

1.5 

1.5 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

1.5 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

).75 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

1.32 

.1.32 

1.32 

1.32 

1.32 

1.32 

Method and Comments a 

OM, 

OM, 

OM, 

OM, 

DM, 

OM, 

OM, 

OM, 

DM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

DM. 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 
OM, 

DM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

OM, 

DM, 

OM, 

'" °tot 
'" °tot 

'" °tot 
'" °tot 

'" U tot 

'" °tot 
'" °tot 
'" °tot 

'" °tot 
'" °tot 

'" °tot", 

°tot 
'" °tot' 
'" °tot 
'" °tot 
'" °tot 
'" ° tot 
'" °tut. 

'" °tot 
'" °tot 

'" °tot 

'" °tot 
'" ° tot 
'" °tot 
'" °tot 
'" °tot 

'" °tot 
'" °tot 
'" °tot 
'" °tot 
'" ° tot", 

°tot 

'" °tot 

'" °tot 

'" °tot 
'" <1 tot 

'" ° tot 
'" °tot 

'" <1 tot. 

'" °tot 
'" °tnt 
'" °tot 
'" °tot 

'" °tot 
'" ° tot 

Accuracy 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b.c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 



CROSS-SECTION DATA FOR CHARGE EXCHANGE 

aAbbreviations used in Table 1: 

CC-MO - molecular-orbital close-coupling method' 
PSS - perturbed stationary state method 
DM - decay model (electron tunneling theory) 
ASM - absorbing sphere model 
LZ - Landau-Zener model (2 states) 
RF - Rapp-Fransis formula (2 states) 
AM - ~Aymptnti~ m~thod (2 states) 
AM-Res asymptotic method for resonant processes (2 states) 
RZD - Rosen-Zener-Demkov model (2 states) 
CC-AO - atomic"':orbital close-coupling method 
UDWA - unitarized distorted wave approximation 
CTMC - classical trajectory Monte Carlo method 
VPS-Emp - Vainshtein-Ptesnyakov-Sobelman approximation, with empirical normalization 
M-VPS - Multichannel, VPS approximation 
BK - Brinkmann-Kramers approximation 
BK-Emp - BK with empirical normalization factor (of 0.138) 
NBK - non-empirically normalized BK 
Bl first Born approximation 
B-B1 - Bates-Born approximation 
CPS - Coulomb projected Born approximation 
BK-Eik - eikonal Brinkmann-Kramers approximat:l!on 
cow continuum diatortQd wave method 

'''t'tot contains' the contribution of one-, two- and more-electron capture. 

tContribution to 0sum'from inner-shell electrons included. 

§Total cross section for K- (or L-) vacancy production by charge transfer. 

"Reaction rate constant. 

1227 
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1228 R. K. JANEV AND J. W. GALLAGHER 

Table 2. Sources of theoretical data for charge exchange cross, sections in ion-ion collisions 

Reference 

25 

25 

25 

25 

25 

25 

25 

27 

27 

27 

27 

27 

27 

51 

51 

51 
51 

51 

51 

:;1 

51 

52 

53 

53 

53 

29 

29 

29 

24 

54 

54 

54 

54 

54 

28 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

Projectile 

He2+ 

Li 3+ 

Be4+ 
B5+ 

C6+ 

N7+ 

08+ 
He2+ 

'C2+ 

N3+ 

04+ 

F5+ 

Ne6+ 

0+ 

c+ 
C3+ 
NT 
02+ 

N3+ 

0+ 

03+ 

He2+ 

He2~ 
He2+ 

. He2+ 

He"2+ 

He2+ 
He2+ 

He2+ 

He2+ 

He2+ 
He2+ 

He
ZT 

He2+ 

u 3+ 

Be4+ 

B5+ 
C6+ 

N7+ 

08+ 

F9+ 

Ne10+ 

BH 

C4+ 

N4+ 
06+ 

Target 

He+ 

Li 2+ 

Be3+ 
B4+ 

C5+ 
N6+, 

07+ 
02+ 
B+ 

C2+ 

~3+ 

04+ 
F5+ 

C6+ 

N7+ 
N7+ 

N7T 

N7+ 

08: 
0 8+, 

08+ 

He+ 

03+ 

04+ 

05+ 

He+ 

Li 2+ 

Be3+ 

Li+ 

He+ 

U 2+ 

B3+ 

C5T 

Fe 25+ 

u+ 
Be2+ 
B3+ 

C4+ 

N5+ 
06+ 

F7+ 

Ne8+ 
BT 

C2+ 
N2+ 

04+ 

Energy Range 
keV/u Methpd Comment 

a. Single charge exchange 

0.005-25 

0.015-25 

0.025-25 

0.04-25 

0.09-25 

0.12-25 

0.18-25 

0.031-31 

0.018-18 

0.016-16 

0.013-13 

0.012-12 

0.01b-l0 

0.15, 0.73 

0.16, 0.77 

0.16, 0.77 

0.14, 0.71 

0.13, 0.67 

0.13,' 0.67 

0.13, 0.63 

0.13,·0.63· 

100-300 

250-500 

250-500 

250-500 

lOa, 500 

100, 500 

100, 500 

25-750 

25, 5000 

50, 5000 

50, 5000 
125, 50,000 

2500, 125,000 

0.18-3.64 

AM-Res 

AM-Res 

AM-Res 

AM-Reo 

AM-Res 

AM-Res 

AM-Res 

RZD 

RZD 

RZD ., 

RZD 

RZD 

RZD 

LZ 

LZ 

LZ 

LZ 

LZ 

LZ 

LZ 

LZ 

CTMC 

CTMC 

CTMC 

CTMC 

CDW 

CDW 

CDW 

CDW 

CPB 

CPB 

CPB 
CPB 

CPB 

CC-MO 

Correct exchange coupling 

Coulomb trajectory 
effects neglected 

Zeft 

Zeff 

Zeff 

°ls,ls; °ls,2s 

°ls,ls; °ls,2s 

°ls,ls; °ls,2s 

0+ (n -3 rule) 
35-term. CI w.f. 

six IE and six 3r states; 
at - stat. average 

b. Double electron capture 

0.0086-43 

0.0222-22 

0.046-28 

0.075-25 

14-57 

19-53 

21-42 

25-40 

0.0026-28 

0.0079-25 

0.014-21 

0.022-20 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

AM-Res 

correct exchange coupling 

Accuracy 

(b,c) 

(b,c) 

(b,c) 

(b',e) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(b,c) 

(c,d) 

(c,d) 

(c,d) 

(c,d) 

(c,d) 

(c,d) 

(c.,d) 

(c,d) 

(b) 

(b,c) 

(b,c) 

(b,c) 

(a,b) 

(a,b) 

(a, b) 

( 8 , b), E ~ 100 
(c). E < 100 

(c,d) 

(c,d) 

(c,d) 

(c,d) 

(c,d) 

(s,b) 

(b,c) 

(b,c) 

(h,c) 

(b,c) 

(b.c) 

(b,c) 

(b,c) 

(b,c) 
(b,c) 

(b,c) 

(b,c) 

(b,c) 

------------------------------.• -------."-~ .. -- -------------
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CROSS-SECTION DATA FOR CHARGE EXCHANGE 1229 

Table 3. Sources of theoretical data for double charge excha,nge cross sections in ion-atom collisions 

----- ------~-----,.----

Reference Projectile Target 
Energy Range Method Comment Accuracy keV/u 

55 4He 2+ He 0.05-2.5 CC-MO 2-states; correct (b) 
molecular energies 

56 3He2+ He 0.5-6.67 AM-Res 2-states (b) 

30 3He2+ He 0.5-12 AM-Res 2-states (b) 

3He2+ He 3.33-33.3 PSS 16-states (a,b) 

57 He 2+ He, 25-250 CC-AO 3-states, CJK§ (b,c) 

59 He2+ He CC-AO 3-states, (J diff 

29 , He 2+ He 1.25-375 CC-AO + 9-statesj (b,c) 
perturbation 3 strongly (b,c) 

metho4 coupled (b,c) 

33 He2+ He 25-250 B-Bl Independent 
electron model 

He2+ 
CDW, for 

58 He 125-350 single (b,c) 
capture 

30 C4+ He 0.003-2.5 LZ 
Correct (AM) (b) splitting 

6 C4+ He 0.07-1.7 PSS 4-states (b) 

59 Ar6+ He 0.05-2.5 classical 
/" 

57 N7+ Ne 700-4000 CC-AO 3-states, a § 
K (c) 

57 08+ Ne 900 .... 2900 CC-AO (c) 

57 F'9+ Ne 1000-2000 CC-AO (c) 

F9+ 
CDW, for 

CJ
K

§ , (J § 56 Ar 1580-3260 single 
L (b,c) 

capture 

§ See footnote to table 1. 

J. Phys. Chem. Ref. Data, Vol. 13, No.4, 1984 
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Table 4. Validity regions and accuracy of different theoreti~a;t, methods for charge exchange 

Method 

1) PSS/(CC-MO) 

2) LZ, RF, RZD, 
AM, AM-Res 

3) ASM 

4) DM 

1) CC-AO 

2) 

3) UDWA 

4) CTMC 

5) VPS-Emp 

1) BK 

2) Bl, B-Bl, CPB 

3) BK-Eil< 

4) CDW 

5) BK-Emp, N-BK 

Veloci ty Range 

(ve ) 

0.01-0.5 

0.5-1 

0.02-Q.6 

0.2-0.6' 

0.2-0.6 

0.3- ~3-4 

0.7- -3-4 

0.3-3-4 

>2 

)2 

2-7 

>2 

J.Phys.Chem. Ref. Data, Vol. 13, No. 4, 1984 

Commef\ts 

A. Low-energy methods 

- numerical solution of coupled equations 

- classical (quantum) of nuclear motion, 

- translational factors optional 

- numerical solution of coupled equations 

- clas,sical nuclear motion, 

- translational factors necessary. 

- two-state models with 
radial coupling only 

- 0 includes single- and 
more-electron captures, 

- no rotational coupling 

same 

B. Intermediate-energy methods 

- nuni~'rical solution of coupled equations 
- plane wave or Coulomb 

translational factors necessary 

- uni'tarity preserved 

- unitarity preserved 

c. nigh-energy method.s 

- nucleus-nucleus interaction excluded 

- incorrect v-asymptotics 

-all interactions included 

- incorrect v-asymptotics 

Accuracy 

depends on the size 
of the basis 

depends on the size of 
the basis and the form 

of translational factors 

(b) or (c), if coupling 
with other channels 
small; otherwise (d) 

(b) or (c), smaller v, 
high Z; (d), higher v, 

low z 

same 

depends on number 
of basis states 

(b), (c), v,$2 (d), v>2 

same 

(a) or (b), v < 3 
(b) or (c), v > 3 

unspecified 

(d) 

unspecified 

(b), (c) 

(a), (b) 

um'pecified 



Table 5. Theoretical cross sections as functions of ElM (keV/u) for charge transfer in collisions of non-hydrogenic atoms 
with ions (q ~ 2). In this table, a refers to single-electron capture from the outer shell; 0 contains the contribution 
of one-, two-, and more electron capture; a includes·contributions from inner-shell electroKgf and oK (and 0 ) 
is the total cross section for K- (or L-) v~g~ncy production by charge transfer L 

He-He 2+ He-He2+ He-He2+ He-Be3+ 

ElM 0(10 -l6 cm 2 ) t::/M o(l0-16cm2) E/11 o(lJ-16cm2) ElM O(10-16cm2) 

2.18 U.356 98.5 2.11 148. ).859 0.033 4.65 0 
3.95 0.444 110. 1.14 310. 0.074 0.048 5.16 ::D 

5.09 0.465 122. 0.74 657. ).0034 0.077 6.08 0 
UJ 

6.25 0.509 135. 0.54 Ref. 23 0.125- 7.36 UJ 
I 

7.55 0.693 149. 0.42 0.225 9.10 UJ 

8.93 0.780 Ref. 31 0.393 11.0 m 
0 

l:l..2 1.04 
He-Li3+ 

0.677 12.8 -I 

15.9 1.54 
0(10 -16 cm 2 ) 

1.09 14.0 0 
:W.2 1.g] .E/M 1.41 14.3 Z 

25.1 2. L9 E/11 o (W-16 cm2) 1. 76 14.4 C 

33.4 2.30 474. 0.0103 1.99 14.3 l> 
-I 

H.ef. 5 551 •. 0.0058 10.0 11.2 2.46 14.0 l> 
702. 0.0022 16.6 10.1 3.55 13.1 ." 

848. 0.00U8 24.7- 8.87 5.05 12.2 0 

ElM 0(10-16 cm2) Ref. 32 41.4 6.73 Ref. 6 ::D 
0 

62.0 4.66 :I: 
38.7 2.138 

0(10-16 cmZ) 
92.5 2.92 l> 

51.1 2.3b ElM 128. 1.76 ::u 
<38.6 1.35 165. 1.14 He-Be4+ G) 

--- m 
111. 0.960 454. 0.447 209. 0.684 

a(l0-16cm2) 
m 

125. U • .:332 838. 0.003 273. 0.401 ElM >< 
16U •. 0.569 H.ef. 34 355. 0.190 0 

c.. :I: 

" 
209. 0.323 . 470. 0.070 97.3 8.17 l> 

=r 265. 0.173 603. 0.030 122. 4.53 Z 
'< -16 2 2.54 G) 
til 324. 0.088 ElM 0tot(lO cm) 811. 0.011 150. 
(') 359. 0.060 Ref. 35 170. 2.72 

m 
=r 
CD 375. u.051 i2S. 1.33 198. 0.76 
~ Ref. 29 250. 0.146 Ref. 31 
~ 500. 0.0106 E/~ o{l0-16cm2) 
~ lOUU. 0.0005 
C 
I» Ref. 24 124. 2.42 , 175. 1.25 
< 203. 0.728 
~ Ref. 31 

~ 
Z 
!l 
!'- L ~ 

u; I\) 

01) 
W 
~ 

". 



~ 
." ;:r 
'< 

" o 
;:r 
CD 

~ 
:u 
CD 
:-to 

~ 
~ 

~ 
..L 

.S4 
z 
? 
!'-
cD co 
A 

Table 5. Theoretical charge transfer cross sections for nonhydrogenic atoms and ions (q ) 2), (continued) 

He-B3+ He-C4+ He-N 
7+ He-O 

6+ 

ElM o(lO-L6cm2) ElM o(1O-16cm2) ElM -16 2 
0tot (10 cm) ElM 0(10-16cm2) 

0.033 2.34 0.200 0.042 1.53 38.7 18.6 7.81 

0.053 4.20 0.289 0.077 Ref. 37 46.4 4.25 

0.108 6.55 0.445 0.142 117. 1.52 

0.317 10.2 0.734 0.287 
0(lO-16cm2) 

284 • 0.360 
0.956 13.1) 1.09 0.470 ElM 529. 0.081 

Ref. 7 1.47 0.634 912. 0:013 
2.07 0.842 98.7 17 .0 1740. 0.001 
2.92 1.11 125. 14.-2 Ref. ltD 

He-BS+ 
3.91 1.37 148. 11.8 
5.23 1.67 173. 5.84 

o (l0-L6cm2) 
Ref. 6 198. 4.66 

He-08+ ElM 224. 2.57 
tot - 250. 1.13 

1.53 26.2 He-C6+ Ref. 31 ElM o (lO-16cm2) 
tot 

Ref. 37 
ElM 0tot (l0-16cm2) 

o( 10-16 cm2 ) 
1.53 38.7 

0(l0-L6cm2) 
ElM Ref. 37 

ElM 1.53 30.4 
Ref. 37 347. 1. 74 

000-16 cm2 ) 99.6 9.84 588. 0.176 ElM 
125. 7.05 974. 0.022 
147. 5.21 ElM 0(10-16 cra2 ) 1390. 0.004 100.0 20.1 
173. 3.L4 Ref. 20 125. 16.1 
198. 1.59 100. 12.8 150. 13.0 

249. 1.33 126. 10.6 173. 8.45 
Ref. 31 150. 8.45 

He-03+ 
200. 7.14 

175. 3.95 224. 3.43 

o(l0-L6cm2) 
2.00. 1.92 249. 1.78 

ElM 225. 2.86 ElM o ( 10 -16 cm 2 ) 275. 1.93 
250. 0.946 300. 0.94 

321. 0.&70 Kef. 31 6.55 2.26 Ref. 31 
610. 0.062 20.6 1.80 
917. 0.010 

o(l0-16crn2) 
51.2 0.991 

1320. 0.002 ElM 117. 0.408 
Ref. 20 273. 0.094 

277. 2.65 523. 0.018 
401. 0.555 1010. 0.002 
640. 0.072 Ref. 40 

1056. 0.008 
Hef. 20 
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Table 5. Theoretical charge transfer cross sections for nonhydrogenic atoms and Ions (q > 2), (continued) 

He-08+ He-Si I4+ He-Ar6+ He-Xe 
6+ 

J<.:/M 0(l0-16cm2 ) ElM 0tot (l0-16cm2) ElM 0(10-16 cm 2 ) ElM 0(10-16cm2) 

0.64 23.4 1.53 63.8 0.061 28.3 1.94 18.3 
27.5 16.4 Ref. 37 0.081 27.2 7.44 17.6 
72.9 7.32 0.L12 26.3 23.6 11.9 

169. 2.4& 0.203 24.8 73.5 4.67 
337. 0.6H ElM 0(l0-16cm2) 0.434 23.1 176. 1.43 
569. 0.228 0.386 21.5 427. 0.302 

1300. 0.Ol8 301. 18.7 1.32 20.5- _ 858. 0.045 
2475. 0.001 380. 8.09 1.97 19.5 1750. 0.003 

Ref. 40 509. 2.57 Ref. 4 Ref. 40 
662. 0.858 

0(lU-16cm2 ) 
824. 0.336 

He-Xe8+ ElM 1015. 0.114 
Ref. 32 He-Xe3+ 

0(l0-16cm2) 554. 0.336 --- ElM 
91)0. U.030 ElM O(1O-16cm2) 

14UO. 0.01)4 1.30 30.4 
:woo. O.ULll He-Ar5+ 4.75 3.87 9.17 26.7 

Ref. 20 13.2 3.87 28.1 18.2 
ElM -16 2 

33.~ 2.68 75.0 8.50 0tot(lO cm) 
68.0 1.21 190. 2.62 

He-F9+ 
0.750 28.0 147. 0.405 393. 0.726 

Ref. 42 337. 0.076 803. 0.150 

°tot(10-
16

cm
2

) 
752. 0.0077 1600. 0.0128 

ElM 1650. 0.0003 Ref. 40 
Ref. 40 

1.53 42.9 He-Ar6+ 
He-Xe 10+ Ref. 37 

ElM 0(10-16cm2) He-Xe4+ 
o(l0-16cm2 ) 

0(1u-1 °cm2 ) O(l0-16cm2 ) 
ElM 

ElM 0.050 29.1 ElM 
0.222 29.0 0.94 47.6 

346. 4.25 0.877 28.9 3.27 7.07 5.85 46.4 
4b9. 0.923 1.82 28.8 11. 9 7.00 22.8 35.1 
711. 0.165 2.50 29.0 33.0 4.76 60.5 20.2 

Ref. 20 Ref. 3 80.1) 2.11 144. 9.13 
200. 0.585 300. 2.86 
480. 0.090 600. 0.710 
900 • 0.012 1050 - 0.188 

Ref. 40 2030 0.017 
3440 0.001 

Ref. 40 
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Table 5 • Theoretical cha~ge transfer cross sections for nonhydrogenic atoms and ions (q ) 2), (continued) 

Li-He2+ Li-He2+ N-03+ Re-He2+ 

ElM 
-16 '2. 

E/H 0(10-16cm2) a (10-16cm2) -20 2 
0(10 em) ElM ElM 0K(lO cm) 

sum 

0.101 31.0 Y.73 62.7 6.~,7 8.30 400. 2.32 

0.158 48.tS 1~. 7 54.6 22.6 5.1d 700. 4.57 

0.24h 73.5 14.~ 46.8 5(l.~ 2.73 1000. 5.29 

0.304 85.9 17.1 37.1 135.- 0.665 1500 .. 4.55 

0.400 9b.1J 19.3 31.7 275. 0.169 2500. 2.26 

0.639 Ill. Hoef. 8, (CTMC) 515. 0.03"6 4000. 0.694 

0.96U 119. 1260. 0.003 Ref. lS, (8m) 

1.36 118. 
0(10-16cm2) 

Ref. 40 
2.00 110. hit-1 

°K(1O-20cm2) 
2.83 Ill. E/M 
3.9b Ill. 50.~ 2.58 
5.10 108. 75.2 1.31 N-06+ 400 3.32 

6.28 It)}. Ref. 44 
o (10-~6cm2) 

700 5.25 

7.77 ~8.0 - ElM 100 5.69 

Y.Z6 "13.7 
sum 1500 4.67 

11.6 53.3 
C-He2+ 

6 .. 88 29.3 2500 2.35 

15.1 34.2 23.0 18.3 4000 0.711 

16.U 30.6 
a(lO-16cm2) 

64.9 7.23 Ref. lJ, (lPM) 

Ref. l~ h/N 182. 1.50 
421. 0.305 

a{ 10-1 b cm2 ) 
774. 0.Ol79 1100 .. 0.027 

~e-L13+ 
l!;/r1 131). 0.0078 2870. 0.002 

2070. 0.0020 Ref. 40 
(1 (lO-16cm2) 

2.00 131. 3100. U.OUU4 ElM tot 
2.75 122. Kef. 34 
5.S0 111. 

N-08+ 
397. 0.225 

10.U 76.0 - 527. 0.308 

:.;5.0 15.0 
C-L13+ a (10-16cm2) 

630. 0.356 

Ref. 43 ElM 740. 0.386 
sum 873. 0.406 

ElM a{10-16cm2) 6.81 46.7 957. 0.409 

20.' 34.8 ID97. 0.393 

7n. U.167 69.5 15.5 1325. 0.354 

134(1. 0.046 188. 4.4U 1600. 0.292 
223(1. 0.009 373. 1.47 1940. 0.218 

:HIL.. 0.003 990. 0.221 2440. 0.144 

Ref. 34 2584. 0.018 3000. 0.094 
Ref. 40 3625. 0.059 

4140. 0.041 
Ref-. 15 ) (1:PM ) 
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Table 5. Theoretical charge transfer cross sections for nonhydrogenie atoms and ions (q ~ 2), (continued) 

Ne-Li3+ Ne-F9+ 
4+ 
~ 

ElM 
-16 2 

O'K(lO em) ElM 
-20 2 <1

K
_

K
(lO em) ElM CJ (l 0 -16 cm 2 ) 

sum 
ElM 

396. 0.121 1050. 516. 2.26 7.15 370. 

504. 0.192 1320. 440. 14.5 4.16 580. 

645. 0.259 1580. 360. 69.5 1.65 785. 

77Y. 0.29b Kef. 45 231. 0.56Z- 1030. 

a79. 0.313 474. 0.190 1340. 

989. 0.319 909. 0.050 1620. 

107U. 0.320 
Ne-Kr3+ 

2070. 0.007 1950. 

1193. 0.309 Ref ~ 40 2300. 

1430. 0.276 2600. 

1715. 0.229 ElM CJ(l0-16eml) 

232U. 0.140 
Ne-Xe8+ 3090. 0.080 0,001 2.82 - -, 

397U. 0.042 ' 0.020 3.94 
<1 (l0-16cm2) 

Ref. 15, (SPt1) 0.033 4.37 ElM 
0.050 4.48 

sum 

<1(l0-16em£) 
0.0623 4.36 1.13 30.9 ElM 

ElM 0.117 3.77 5.09 25.1 
0.144 3.69 19.0 14.5 168. 

1340. 0.261 0.1($2 3.88 97.1 - 5.49 360. 

124U. 0.095 0.244 4.78 450. 1.35 791. 

Kef. 34 0.350 b.34 1030. 0.411 1190. 

0.775 3.35 20UO. 0.095 1530. 

1.36 9.2.7 Ref. 40 1860. 

Ref. 46 2580. 

Ne-N7+ 4570. 
7670. 

(J t<.-K(l0-20em2) E/l1 Ne-Xe10+ 
Ne-Xe2+ ----

100U. 368. 
(J (l0-16em2) 

ElM CJ (l0-16cm2) 

1300. 343. KIN 
sum 

Ref. 45 
sum 0.822 53.5 

2.82 1.67 6.72 42.4 
12.8 1.35 56.5 23.1 ElM 

47.4 0.793 194. 11.0 
Ne-08+ 124. 0.367 500. 4.30 1000. 

-20 2 
221. 0.176 1170. 1.30 2500. 

elM CJK- K (1 0 em) 442. 0.050 2170. 0.373 5000. 

946. 0.001 3900. 0.067 9000~ 

1500. 36B. Kef. 40 8930. 0.005 

lSaU. 269. Ref. 40 

2190. 195. 
Ref. 45 

-

Si-F9+ 
-16 Z 

CJK-K(lO em) 

0.0062 
0. 1)117 
0. 1)173 
0.0238 
0.-0299 
0.0336 
0.1)329 
0.1)307 
0. 1)278 

Ref. 49 

Si-Si14+ 

CJ(10-L6em2) 

0.)004 
0.3047 
0.)177 
0.0255 
0.3283 
0.0279 
0.Cl235 
0.0114 
0.0033 

Ref. 21 

Ar-He2+ 

<1
K

( 10-16cm2 ). 

0.D466 
0.)724 
0.0670 
0.D308 

Ref. 16 
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Table S. Theoretical charge transfer cross sections for nonhydrogenic atoms and ions (q ) 2), (continued) 
~-. -

Ar-C6+ Ar-F9+ Sc_Si14+ 

E/H °K(l0-20cm2) ElM - 20 2 
0K_K(lO em) E/M -20 2 0K_K(10 em) ElM 

1000. 5.43 1050. 5.6 1930. 78.0 6070. 
2500. 18.6 1600. 10.0 Ref. 19 
5000. 12.1 1900. 16.0 
YOOO. 4.81 2400. 22.0 

l<.ef. 16 30UU. 26.0 
Ti-He2+ 3500. 27.0 

-20 1. 4200. 27.0 
°K(1~-20em2) ~/M 0K_K(10 em) 6000. 21.0 ElM ElM 

Ref. 49 
1U50. 1.30 2UOO. 0.0095 6070. 
158U. 2.52 4000. 0.0099 
1~H30. 5.40 6000. 0.0099 

Ref. 45 8000. 0.0093 
Ar-Ar6+ Ref. 17 

ElM °tot(lO-16cm2) 
Ar-N7+ ElM 

-20 2. 
0.055 115. -Ti-He2+ 

~/M 0K_K(l(J em) U.147 lU7. 6070. 
0.362 100. ElM _ °L(10-20em2) 

1050. 5.1U 0.894 92.8 
1830. 12.b 1.90 87.3 2000. 19.3 

Ref. 45 3.35 83.3 4000. 3.66 
Kef. 42 6000. 0.912 

80UO. 0.290 ElM 

Ar-F7+ 
Ref. 17 

6070. 

-16 2. 
Ar-Ar7+ 

E/~l 0sum(H crn) 
(J 00-16 2) E/H 

6.16 40.2 
tot cm 

32.6 24.3 U.059 130. 
146. 13.45 0.235 117. 
53u. 1.79 0.675 107. ElM 

110U. 0.434 1.49 100. 
23':J5. U.U38 3.31 93.8 6070. 

Ref. 4U Ref. 42 

Cu-He 
2+ 

°K(10-20em2) 

0.00129 
Ref. 17 

Cu-He2+ 

-20 2 
0L (10 cm) 

0.833 
Ref. 17 

Cu-C6+ ---
-20 2 

0K(lO cm) 

0.279 
Ref. 17 

Cu-C6+ 

-20 2) 0L (10 em 

89.7 
Ref. 17 

Cu-08+ 

-20 2 
0K(lO em) 

1.21 
Ref. 17 
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Table 5. Theoretical cha:ge transfer cross sections for nonhydrogeni ,:: atoms and ions (q ~ 2), (continued) 
-

Cu-08+ Kr-F 
9+ 

-20 2 ElM 
-20 2 

(1L (1U em) 0K_K(lO em) 

214. 2420. C.074 

Ref. 17 2950. C.079 
3470. C.075 
4000. C.068 

Ref. 45 
Cu_S16+ 

(1 (H-20 2) 
K-K cm Kr_Cl 11+ 

3.20 
Ref. 19 ElM (1 (l0-20 2) 

tot em 

2820. 1.55 
3390. 1.40 

Cu_Cl l 7-+ 3950. 1.62 

GK_K(1C20em2) 
4510. 2.50 

Ref. 45 

4.20 
Ref. 19 
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Table 5. Theoretical cross sections for nonhydrogeni~ atoms and ions (q ~ 2), (continued) 

A + BZ+ + A+ + B(Z-I)+ 
cr t (10-14em2) at E = 1.53 keV/u. Ref. 37 
to 

~ 
He Ne Ar Kr Xe 

~ 0.262 0.394 0.75 1.13 1.31 
C 0.304 0.500 0.87 1.28 1.51 
N 0.346 0.505 0.99 1.43 1.72 
0 0.3ti7 0.5'61 1.11 1.58 1.93 
F 0.429 0.616 1.23 1. 73 2.13 
Ne 0.471 0.672 1.35 1.88 2.34 
Na 0.513 0.728 1 • .4 7 2.03 2.55 
Mg' 0.555 0.783 1.59 2.18 2.75 
Al 0.596 0.839 1.71 2.33 2.96 
Si 0.1;>38 0.~94 1.83 2.48 3.17 
p 0.680 0.950 1.95 2.63 3.37 
s 0.722 1.006 2.07 2.78 3.58 
Cl 0.764 1.06 2.19 2.93 3.78 
Ar 0.805 1.12 2.31 3.08 4.00 
K 0.847 1.17 2.43 3.23 
CC1 0.1389 1.23 2.55 3.38 
Se 0.931 1.28 2.67 3.53 
Ti 0.973 1.34 2.79 3.68 
V 1.014 1.3'9 2.91 3.83 
Cr 1.056 1.45 3.03 3.98 
Mil 1.10 1.S1 3.15 4.13 

B + Arq+ + B+ + Ar(q-1)+ Ref. 42 
" -14 2 

0tot (10 em) at E = 0.76 keV/u. 

~ 3 4 5 6 7 8 9 

He 1Y.2 23.3 28.,0 32.6 37.5 42.0 45.8 
Ne 25.1 31.6 38.4 44.9 51.2 57.2 ' 63.5 
Xe Y1.8 114. 137. 159. 182. 203. 226. 

Kr +-fg+q2+ Kr+ + Xe(q-1)+ 
0tot (10 em) at E = 0.23 keV/u. Ref. 42 

q 3 4 5 6 7 8 9 

78.0 Y5.3 112 129 147 163 179 

J. Phys. Chern. Ref. Data, Vol. 13, No.4, 1984 
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Table 5. Theoretical cross sections for nonhydro~enic atoms and ions (q ~ 2), (continued) 

A + BZ+ + A+ + B(Z-l)+ Ref. 37 
-14 2 

Gtot (10 cm) at E = 1.32 keV/u. 

~ Li Na K Rb Cs 

H 4.58 4.80 7.98 7.97 9.28 
C S.38 S.S8 9.09 9.19 10.S 
N 6.18 ,6.3S 10.2 10.4 12.2 
0 6.98 7.13 11.3 11.6 13.6 
F 7.78 7.90 12.4 12.9 lS.0 
Ne 8.S8 8.61 13.S 14.1 16.4 
INa 9.38 9.44 14.6 lS.3 17.8 
Mg 10.2 I 10.2 15.7 16.5 19.2 
Al 11.0 11.U 16.8 17.6 20.6 
Si '11.8 ,11.8 17.9 19.0 22.0 
p 12.6 12.6 19.1 20.2 23.4 
s 13.4 13.4 20.2 21.4 24.8 
Cl 14.2 14.3 21.3 22.6 26.2 
Ar 15.0 15.1 22.4 23.9 27.6 
K 15.8 1S.9 23.5 25.1 29.1 
Ca 16.6 16.7 24.6 26.3 30.5 
Sc 17.4 17.5 25.7 27.5 31.9 
Ti 18.2 118.3 26.8 28.8 33.3 
V 19.0 19.1 27.9 30.0 34.7 
Cr 19.8 20.0 29.0 31.2 36.1 
11n 20.6 '20.8 30.1 32.4 37.5 
Fe 21.4 /21.6 Jl.2 33.6 38.9 
Co 22.2 22.4 32.3 34.9 40.3 
Ni 23.0 23.2 33.4 36.1 41.7 
eu 23.8 24.0 34.5 37.3 43.1 
Zn 24.6 24.8 35.7 38.S 44.5 
Ga 2S.4 2S.6 36.8 39.8 45.9 
Ge 26.2 26.4 37.9 41.0 47.3 
As 27.0 27.2 39.0 42.2 48.7 
Se 27.8 28.0 40.1 43.4 SO.l 
Br 28.6 28.8 41.2 44.7 S1.S 
Kr 29.4 29.6 42.3 4S.9 
Rb 30.2 30.4 43.4 47.1 
Sr 31.0 31.2 44.5 48.3 
y 31.8 32.0 45.6 49.6 
Zr 32.6 32.9 46.7 SO.8 

J. Phys. Chern. Ref. Data, Vol. 13, No.4, 1984 



~ 
." 
::r 

~ 
o 
::r 

~ 
:u 
~ 

j 
~ .... 
jI) 

z 
9 
~ 

u; 
CD 
~ 

Table 6.a. 

He2+-He+ 

E/M (1 

(keV/u) (l0-16cm2) 

0.0042 0.943 
0.0051 0.185 
O.OObl 0.514 
0.0077 1.94 
0.0090 4.43 
0.0114 6.13 
0.0129 7.06 
0.0177 7.B2 
0.0248 8.44 
U.0270 8.96 
0.0357 9.09 
0.0409 9.19 
U.U485 9.28 
U.0609 9.16 
0.0715 9.19 
0.0856 9.27 
0.106 9.04 
0.164 8.:;3 
0.565 7.H 
1.90 6.26 
5.74 5.04 

22.4 3.,32 
Ref. 25 

Theoretical cross sections for one-electron charge transfer in ion~ion collisions 

Li3+-Li2+ B5+_B4+ 

E/M (1 E/M (1 

(keV/u) (l0-16cm2) (keV/u) (l0-16cm2) 

0.0135 0.790 0.0475 0.01f>7 
0.0162 0.210 0.0498 0.0243 
0.0177 0.358 0.0514 0.114 
0.0195 1.24 0.0624 0.470 
0.0267 2.34 0.0776 0:687 
0.0342 2.91 0.107 0.925 
0.0454 3.30 0.155 1.09 
0.0766 3.67 0.212 1.16 
0.116 3.79 0.290 1.20 
0.219 3.70 0.348 1.22 
0.983 3.14 0.505 1.21 
4.41 2.51 0.935 1.16 

22.1 1.92 2.33 1.06 
Kef. 25 5.01 0.903 

9.55 0.793 
16.5 0.708 

Be4+_Be3+ 
Ref. 25 

0.0237 0.152 
0.0434 0.n8 C6+_C5+ 
0.0549 1.45 
0.0601 1.56 0.0889 0.0205 
0.0833 1.59 0.0938 0.0561 
0.120 1.88 0.115 0.253 
0.173 2.00 0.149 0.510 
0.368 1.82 0.219 0.664 
1.88 1.53 0.331 0.759 
8.88 1.26 0.481 0.800 

35.2 0.997 0.802 0.796 
Ref. 25 1.90 0.727 

5.73 0.636 
13.7 0.544 
25.3 0.472 

Ref. 25 

N7+_N6+ 

E/M (1 

(keV/u) (l0-16cm2) 

0.114 0.0166 
0.125 0.0542 
0.139 0.0158 
0.196 0.0294 
0.326 0.485 
0.487 0.550 
0.628 0.578 
0.843 0.582 
1.46 0.569 
5.63 0.481 

14.4 0.392 
30.6 0.314 

Ref. 25 

08+_07+ 

0.152 0.152 
0.201 0.620 
0.205 0.135 
0.225 0.213 
0.355 0.334 
0.634 0.412 
0.867 0.430 
1.95 0.413 
4.39 0.387 
8.65 0.347 

16.2 0.288 
23.0 0.245 

Ref. 25 
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Table 6.a. 

He2+-oZ+ 

ElM <1 

(keV/u) (l0-16cm2) 

0.0213 1.13 
0.0325 2.13 
0.0519 '" 3.59 
0.0672 4.60 
0.104 5.62 
0.145 5.99 
0.176 6.11 
0.212 6.19 
0.260 6.26 
0.329 6.30 
0.430 6.32 
0.590 6.34 
0.861 6.33 
1.39 6.25 
2.55 6.06 
5.88 5.71 

15.7 5.30 
Ref. 27 

C2+-B+ 

0.0400 2.70 
0.0717 3.57 
0.102 3.99 
0.171 4.37 
0.215 4.~3 
0.268 4.~3 
0.344 4.43 
0.442 4.40 
0.620 4.36 
0.954 4.25 
1.62 4.13 
2.67 4.n 
5.16 3.155 

12.0 3.50 
27.4 3.34 

Ref. 27 

Theoretical cross sections for one-electron cha(ge transfer in ion-ion collisions (continued) 

N3+_C2+ 04+_N3+ Ne6+_F5+ 

ElM <1 ElM <1 ElM <1 

(keVju) (lO-16cm2) (keV/u) (lO-16cm2) (keV/u) (10-16 cm2) 

0.0155 2.01 0.0201 1.20 0.0268 0.0172 
0.0273 3.36 0.0285 2.17 0.0311 1).620 
0.0527 4.48 0.0390 2.80 0.0394 L.32 
0.U977 5.10 0.0666 3.41 0.0517 1.86 
0.]72 5.37 0.155 3.8-3 0.D68R l.24 
0.W3 5.38 0.584 3.80 0.0983 l.57 
0.239 5.38 1.06 3.68 0.135 l.81 
0.'-72 5.39 1.36 3.62 0.202 3 .. 03 
0.318 5.38 1.71 3.56 0.309 3.17 
0.382 5.37 2.20 3.49 0.536 3.21 
0.466 5.34 3.04 3.40 0.680 3.21 
0.587 5.29 4.31 3.30 0.906 3.18 
D.nO 5.23 6.81 3.17 1.30 3.15 
1.Cll 5.14 12.7 3.04 1.72 3.09 
1.41 5.02 22.1 2.92 2.16 3.04 
2.21 4.88 Ref. 27 3.42 l.94 
3.62 4.11 5.05 l.84 
7.28 4.53 7.60 2.74 

21.] 4.20 
F5+_04+ 

12.6 2.59 
Ref. 27 19.6 2.45 

Ref. 27 
0.0134 2.85 
0.0190 3.69 
0.0285 4.22 

O+-C6+ 0.0524 4.54 
0.154 4.66 
0.412 4.55 0.146 0.220 
0.499 4.47 0.729 3.00 
0.643 4.40 Ref. 51 
0.775 4.37 
0.991 4.28 
1.24 4.22 

C-N7+ 1.74 4.13 
2.37 4.04 
3.59 3.89 0.155 ).00120 
6.20 3.71 0-.774 J.530 

12.6 3.45 Ref. 51 
25.5 3.18 

Ref. 27 
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Table 6.a. Theoretical cross sections foz one-electron charge transfer in ion-ion collisions (continued) 

C3+_N7+ 03+_08+ .- Be 2+_04+ Be2+-Be+ 

ElM 0 ElM 0 ElM 0 ElM 0 

(keV/u) (10-16cm2 ) (keV/u) (l0-16cm2) (keV!u) (l0-16cm2) (keV /u) (1O-16cm2) 

0.155 0.C120 0.125 8.00 250. 0.205 100. 0.235 
0.774 0.C056 0.625 4.60 300. 0.164_ 150. 0.839 

Ref. 51 Ref. 51 350. 0.164 250. 0.-174 
400 • 0.0427 375. 0.395 
450. 0.0430 500. 0.127 

N+_N7+ Be2+-He+ 
500. 0.0278 Re:. 29,(018,2S) 

Ref~ 53 

1.50 0.143 100. 0.208 
Be2+_Li2+ 0.714 0.650 126. 0.187 

Kef. 51 151. 0.157 - . Be2+_05T 

176. 0.892 100. 0.829 
225. 0.612 250. 0.134 ISO. 0.408 

02+_N7+ I 
251. 0.252 300. 0.0659 250. 0.126 
275. 0.180 350. 0.114 375. 0.040 
300. 0.147 400. 0.0307 500. 0.016 

0.134 15.0 l R.ef. 52 450. 0.0281 Re:. 29,(01S,IS) 
0.669 16.0 500. 0.0193 

Ref. 51 Ret. 53 

.!.e2+_03+ Be2+-Li 2+ 

N3+_08+ I 250. 0.280 He2+_HeT 100. 0.0448 
300. 0.311 150. 0.0376 

0.134 14.0 

I 
350. 0.157 100. 1.27 250. 0.0159 

0.669 9.00 400. 0.405 150. 0.413 375. 0.0058 
Ref. 51 450. 0.031 250. 0.0843 500, 0.0024 

500. 0.034 375. 0.0203 Ref. 29,(01S,2S) 
Ref. 53 500. 0.0067 

0+-08+ Ref. 29,(015,lS) 

Be2+-Be3+ 
0.125 29.C 
0.625 18.0 100. 0.0768 

Ref. 51 150. 0.0943 
250. 0.0645 
375. 0.0316 
500. 0.0161 

Ref. 29'(015,15) 
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Table 6.a. 

He 2+-Be 3+ 

ElM 'J 

(keV/u) (l0- l ocm2) 

150. 0.0047 
250. 0.0059 
375. 0.0037 
500. 0.0020 
Ref. 25,(0IS,25) 

He2+-Li+ 

25. 41.3 
125. 1.83 
250. 0.303 
500. 0.0319 

1000. 0.0021 
Kef. 24 

Ba+-Ba+ 

0.20 1. 4D 
0.32 3.7D 
0.43 S.3D 
0.53 6.63 
0.57 7.0) 
0.79 8.05 
1.25 10.6 
1.61 13.2 
1.98 16.2 
2.27 18.6 
2.47 19.9 
2.68 21.1 
2.87 21.9 
3.12 22.7 
3.42 23.3 
3.64 23.5 

Ref. 28 
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Theoretical cross sec:ions for one-electron charge transfer in ion-ion collisions (continued) 
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'< Table 6tb. Theo:etical cross sections for two-electron charge transfer in ion-ion collisions. All data were taken from Ref. 26 
!II 
0 =r 
CD F9+_F7+ ? U 3+-Li+ 85+_B3+ N7+_HS+ --:II 
~ ElM cJ ElM (J ElM (J ElM (J 

a 
D) 

(lo-hcm2) (1O-16cm2) (l0-L6cm2) (1O-16cm2) :pr (keV/uj (keV/u) (keV /u) (keV/u) 

< 
0 0.164 0.093 0.266 0.071 :- 0.012 0.382 0.046 0.016 
; 0.01(; 0.838 0.076 0.240 0.2lO 0.L87 0.387 0.130 

z 0.026 1.11 0.126 0.409 0.3?3 O.lSI 0.568 0.174 

!' 0.037 1.27 0.191 0.523 0.458 0.l92 0.733 0.197 
".. 0.050 1.39 0.234 0.568 0.670 0.323 0.965 0.214 
U) U.066 1.4& 0.335 0.605 0.9H 0.3~2 1.28 0.225 
CD 1.30 2.22 0.233 ~ .. 0.079 1.43 0.510 0.620 0.351 

0.112 1.49 0.807 0.614 1.Sg 0.353 3.68 0.234 ?' 
0.154 1.49 2.23 0.5S0 2.75 0.350 8.23 0.228 (.. 

0.24~ 1.4& 8.38 0.517 5.37 0.338 19.2 0.216 » 
0.753 1.32 24.2 0.458 9.lD 0.325 40.3 0.205 Z 

- m 
2.b2 1.16 19.7 0.30S <: 

10.4 0.974 36.0 0.289 » 
30.5 0.8W c 6+_c4+ 54.9 0.277 Z 

--- Ne10+_NeS+ C 
c... 

0.073 0.031 
~ 

Be4+_Be2+ 
0.131 0.210 0.366 0.063 
0.214 0.326 o~+_o6+ 0.610 0.117 Q 

--~-- 0.340 0.406 0.867 0.147 » 
0.024 0.017 0.500 0.430 0.236 - 0.094 1.18 0.163 r-

r-
0.037 0.295 0.747 0.443 0.326 0.157 1. 66 0.176 » 
0.064 0.614 1.17 0.446 0.4&6 0.205 2.2.5 0.183 G') 

:x: 
0.081 0.700 2.85 0.429 0.662 0.240 3.79 0.185 m 
0.127 0.S;'3 9.84 0.395 0.9H 0.263 6.42 0.lS3 XI 

0.200 0.891 24.0 0.365 1.34 0.275 12.7 0.178 

0.292 0.904 2.00 0.281 24.2 0.172 

0.562 0.89U 2.76 0.283 38.5 0.167 

1.90 0.810 4.35 0.280 
b.57 0.722 8.67 0.271 

14.4 O.bbi 16.1 0.261 
22.8 0.6L7 31.9 0.247 

51.7 0.237 
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Table 6.b. Theotetical cross sections for two-electron charge transfer in ion-ion collisions (continued) 
All data were taken from Ref. 26. 

B3+-B+ C4+_C2+ 06+-04+ 

ElM C1 ElM (] ElM (] 

(keV/u) (l0-16cm2 ) (keV/u) (10-16cm2) (keV/u) (10-16cm2) 

0.003 2..2.0 0.010 1. 78 0.042 1. >4 -

0.004 4.04 0.015 3.63 0.074 2.+6 
0.005 6.29 0.022 4.77 0.163 3.03 
0.007 7.69 0.036 5.54 0.323 3.l-9 

0.010 8.57 0.052 5.97 0.743 3 .. 11 

0.017 9.28 0.069 . 6.15 2.29 2.92 
0.025 9.52 0.096 6.19 4.52 2.al 
U.038 9.57 0.204 5.98 9.25 2.63 
0.068 9.33 0.427 5.72 - 22.6 2.45 -

0.153 8.84 0.924 5.36 35.1 2.37 
0.424 7.96 2.15 4.99 
1.22 7.11 4.07 4.68 
1.76 6.75 6.31 4.42 
2.24 6.65 11.0 4.16 
2.81 6.44 22.6 3.84 
3.65 6.23 33.9 3.65 
4.88 5.96 
b.41 5.65 
9.58 5.35 

N5+_N3+ 15.5 4.96 
29.4 4.4U 
46.2 4.05 U.027 2.17 

0.043 3.14 
0.073 3.89 
0.109 4;18 
0.168 4.30 
0.407 4.24 
0.956 4.00 
1.88 3.83 
3.93 3.53 
7.74 3.31 

16.5 3.08 
36.2 2.85 
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Table 7. 

~ 
ElM a 

(keVlamu) (10-16cm2) 

0.049 4.88 
0.108 4.28 
0.167 3 .. 93 
0.22.0 3.75 
0.250 3.71 

Ref. 55 

D.2t> 3.35 
0.70 3.08 
2 .. 04 :l.34 
3.22 2.09 
4.65 1.91 
5.94 1.82 
6.75 1.77 

Ref. 56 

0.373 2.29 
0.947 2.03 
1.69 1.87 
2.58 1.73 
3.50 1.63 
4.74 1.53 
b.27 1.4j 
7.47 1.40 
9.07 1.34 

11.1 1.30 
11.7 1.29 

~f. 30 

Theoretical data for double charge transfer in ion-atom collisions 

2+ 
~ 

ElM a ElM a 

(keV(amu) . (lO-16cm2) (keV/amu) (10-16cm2) 

2..30 2.ll 125. 0.130 
3.02- 1.96 188. 0.0ll:-
4.62 1.84 250. 0.0017 
7.15 1.64 Ref. 58 
8 • .>4 1.54 

10.6 1.39 
13.) 1.16 

He-C4+ 16.3 1.01 
21 .. 2- 0.861 
26.7 0.801 0.006 1.33_ 
31.~ 0.750 0.009 1.92 
34.> 0.720 0.017 2.59 
36.0 0.708 0.032 3.50 

Ref. 5 0.065 4.19 
0.102 4.45 
0.139 4.31 

34.l 0.678 0 .. 260 4.09 
56.> 0.294 0.65~ 3.32 
77 .3 0.153 1.45 2.66 

100. 0.0786 2.75 2.16 
122. 0.0432 4.34 1.81 
143. 0.0251 5.88 1.61 
163. 0.0150 7.33 1.50 
182. 0.0088 Ref. 30 
200. 0.0056 
215. 0.0038 
223. 0.0029 0.220 4.14 

Ref. 57 0.427 3.58 
0.791 3.05 
1.60 2.41 

15.9 0.917 2.90 1.96 
19.6 0.938 4.35 1.69 
30.9 0.879 5.09 1.61 
50.3 0.632 5.31 1.58 
87.3 u.220 Ref. 6 

126. 0.0708 
194. 0.0136 
252. 0.0042 
314. 0.0016 
344. 0.0011 

R~f. 29 

6+ 
~ 

ElM c 

(keV!amu) (10-1€cm2 ) 

0.049 6.8e 
0.248 6.SE 
1.07 6'.-84 
2.50 6.n 

Ref. 3 

!::_N7+ 

380. 0.0049 
580. 0.0039 
722. 0.0033 
967. 0.0026 

1220. 0.0019 
1400. 0.0015 
1620. O.DOl2 

Ref. 57 

Ne-08+ 

346. 0.0085 
507~ 0.0071 
746. 0.0056 

IHO. 0.0039 
1470. 0.0026 
1730. 0.0020 
2000. 0.0016 

Ref. 57 
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Table 7. Theoretical data for double charge transfer in ion-atom collisions (continued) 

Ne-F9+ 

E/M a 

(keV/cmu) (lU-16cm2) 

221. 
7'1..3. 

1110. 
1430. 
19bO. 
251U. 
3070. 
3450. 
3650. 
3840. 

1600. 
1840. 
2110. 
2370. 
2630. 
2900. 
3260. 

Ref. 57 

0.0109 
0.0070 
0.0050 
0.0038 
0.0024 
0.0014 
0.0009 
0.0007 
0.0006 
0.00U5 

Ar_F9+ 

Ref. 58 

0.200 
0.110 
0.059 
0.034 
0.021 
0.013 
0.007 
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